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ABSTRACT
Motor symptoms of Parkinson’s disease (PD) are caused by the degeneration of dopamine (DA)
neurons. Currently, no disease-modifying therapies against PD are available. Therefore, the
major challenge is developing a drug to protect and restore DA neurons. Glial cell line-derived
neurotrophic factor (GDNF) has been identified and characterized for its ability to promote the
survival of cultured nigrostriatal dopamine neurons and protect and repair them in animal models
of PD. However, the outcomes of the clinical trials with GDNF in PD patients remain
inconclusive. GDNF is a promising protein that halts neurodegeneration. GDNF does not cross
through the blood-brain barrier (BBB) and has poor diffusion properties, complicating clinical
use in PD patients. This thesis aimed to characterize the biological activity of GDNF family
ligand (GFL) receptor agonists in both in vitro and in vivo preclinical models of PD.

We have developed small molecular weight compounds acting similarly to GDNF in the
dopamine system (GFL receptor agonist) with improved pharmacological characteristics. The
first-generation GFL receptor agonist, a compound named BT13, potently activated the GDNF
receptor REarranged during transfection (RET) and its downstream targets. It protected cultured
dopamine neurons from neurotoxin-induced cell death and stimulated dopamine release in the
mouse striatum.

We further optimized BT13 and developed the second-generation GFL receptor agonist BT44
with ten-fold improved potency. BT44 activated RET, supported cultured DA neuron's survival
and protected them from neurotoxin lesions, induced functional recovery, and protected striatal
dopaminergic fibers in rats with experimentally induced PD. We also studied the selectivity of
both BT13 and BT44 using different functional assays. Our results demonstrate that both BT13
and BT44 are selective towards RET. The compounds promote survival and protect the cultured
dopamine neurons only in the presence of RET.

BT44 is a promising lead compound that could be potentially developed as a drug for PD
treatment. However, BT44 suffers from intrinsic poor aqueous solubility like many other
hydrophobic drugs, making its preclinical development and clinical translation difficult.
Therefore, to improve BT44 solubility, we developed nanoformulation of BT44 with Pox-based
ABA triblock copolymers. We found that nanoformulated BT44 retains its biological activity and
has improved absorption and blood-brain barrier (BBB) penetration compared to the pristine
BT44. We also demonstrate that nanoformulated BT44 binds to the GFL receptors and competes
with GDNF for binding to the RET receptor. The receptor binding studies were not possible with
pristine BT44 due to its poor solubility.

Taken together, our results indicate that both BT13 and BT44 can activate the RET receptor and
its downstream signaling cascade necessary for neuronal survival and protection from neurotoxin
insults. Further, our results show that in vitro BT44 is active in 10 nM concentrations, which is a
realistic target concentration for actual drugs. Moreover, we developed a nanoformulation of
BT44 to improve the solubility of the pristine compound and showed that this nanoformulation
retains biological activity. With further optimization and detailed studies, BT44 could be
developed as a drug-like candidate for disease-modifying treatment for PD.
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REVIEW OF THE LITERATURE
1.1 Overview of Dopamine System
Among the various neurotransmitters, dopamine has been studied in-depth due to its involvement
in neurodegenerative and psychiatric diseases. Midbrain dopamine neurons produce dopamine in
the central nervous system (CNS). The comprehensive studies by Arvid Carlsson back in the
1950s showed dopamine as an independent neurotransmitter in the brain (Carlsson, 1959;
Carlsson et al., 1957, 1958). Since then, the dopamine system has been a focus of research
because of its vital role in motivation, reward, addiction, and several neurodegenerative disorders
such as Parkinson’s disease (PD).

1.1.1 Organization of Dopamine System
Dopamine neurons consist of anatomically and functionally heterogeneous groups of cells
originating from the midbrain. Dopamine neurons are located in the diencephalon,
mesencephalon, and olfactory bulb. The size and complexity of dopamine neurons differ among
different organisms. The midbrain of mice and rats contains nearly 20 000–30 000 and 40
000–45 000 dopamine neurons respectively. Most of these neurons are located in the substantia
nigra (SN). However, the human midbrain contains around 400 000–600 000 dopamine neurons,
of which 70 % are present in SN (Björklund and Dunnett, 2007). Intriguingly, single dopamine
neurons show highly dense axonal arborization in the neostriatum which is estimated to cover
around 6% of the total volume of the neostriatum (Matsuda et al., 2009). Further, in rats, it is
estimated that single dopamine neurons can form between 100 000 to 300 000 synapses in the
striatum, and this number is expected to be ten times higher in the human brain (Bolam and
Pissadaki, 2012; Matsuda et al., 2009). Notably, a large population (approx. 90%) of dopamine
neurons is located in the mesencephalon (Chinta and Andersen, 2005). The cell bodies of
mesencephalic dopamine neurons are located in the substantia nigra pars compacta (SNpc),
ventral tegmental area (VTA), and retrorubral field (RRF) (Björklund and Dunnett, 2007; Chinta
and Andersen, 2005; Moore, 2003). Dopamine neurons from SNpc extend their fibers to the
caudate putamen, forming the nigrostriatal pathway (Prakash and Wurst, 2006). Dopamine
neurons from the nigrostriatal system play an important role in voluntary movement, and
degeneration of these neurons is responsible for the development of Parkinson’s disease (Dauer
and Przedborski, 2003). Similarly, neurons from VTA extend their fibers to limbic areas (nucleus
accumbens, amygdala, olfactory tubercle) and the prefrontal cortex, forming mesolimbic and
mesocortical pathways respectively (Björklund and Dunnett, 2007; Prakash and Wurst, 2006).
These neurons regulate adaptive brain functions related to reward and motivation (Pignatelli and
Bonci, 2015). RRF is located dorsal and posterior to the substantia nigra (SN) and is the
third-largest dopamine group. The neurons from RRF project to both limbic and cortical
structures and might play a role in fear (Moaddab and McDannald, 2021).

1.1.2 Dopamine Synthesis and Metabolism
Dopamine neurotransmitter, which is important for regulating movement, is produced by SN
dopamine neurons and discharged to the striatum. Dopamine is synthesized directly from
L-tyrosine or indirectly from phenylalanine. L-phenylalanine is converted to L-tyrosine in the
liver with the help of phenylalanine hydroxylase (PH), which is then transported to dopamine
neurons. In the first step, L-tyrosine is hydroxylated by tyrosine hydroxylase (TH) to yield
L-3,4-dihydroxyphenylalanine (L-DOPA). Second, DOPA is decarboxylated to form dopamine
by the enzyme DOPA decarboxylase (Figure 1.1). TH is the rate-limiting enzyme for dopamine
synthesis and is strongly regulated. TH regulation occurs at the transcriptional and
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post-transcriptional levels and by other factors such as covalent modification and feedback
inhibition (Meiser et al., 2013). The enzyme activity is inhibited in a feedback fashion by the
catecholamine. Dopamine competes with tetrahydrobiopterin to bind to the catalytic site of the
enzyme. Thus, an increase in the level of dopamine inhibits enzyme activity. Additionally, TH
activity is increased by phosphorylation by multiple kinases at four different serine residues,
and dephosphorylation by phosphatase inhibits the enzyme activity. TH activity and stability are
also affected by the interaction of various proteins such as DJ-1, α-synuclein, vesicular
monoamine transporter 2 (VMAT-2), and aromatic L-amino acid decarboxylase (AADC), thus
affecting dopamine synthesis. Dopamine synthesis is tightly regulated because it quickly gets
oxidized, resulting in the production of toxic quinones (Graham, 1978).

Figure 1.1: Overview of Dopamine Synthesis and Metabolism. Dopamine is synthesized from phenylalanine with
the help of a series of enzymatic reactions catalyzed by PH, TH, and DOPA decarboxylase. Dopamine can also be
synthesized from tyramine with the help of CYP2D6. Dopamine is degraded to homovanillic acid (HVA) and
3,4-dihydroxyphenylacetic acid (DOPAC) with the help of different enzymes. (PH)-phenylalanine hydroxylase;
(TH)- tyrosine hydroxylase; (MAO)-monoamine oxidase; (ALDH)-Aldehyde dehydrogenase;
(DOPA)-decarboxylase-L-3,4-dihydroxyphenylalanine decarboxylase; (ADH)-alcohol dehydrogenase;
(COMT)-catechol-O-methyltransferase; (DOPET)- 3,4-dihydroxyphenylethanol; (DOPAL)-
3,4-dihydroxyphenylacetaldehyde. Adapted from (Zahoor et al., 2018).

After synthesis, dopamine is transferred into synaptic vesicles with the help of VMAT2 (Pothos
et al., 2000). Dopamine is released to the synaptic cleft by exocytosis, which is mediated by the
action potential (Liu and Kaeser, 2019). Both somatodendritic and axonal dopamine releases are
essential for basal-ganglia-mediated motor behavior (Bergquist et al., 2003; Robertson and
Robertson, 1989). Dopamine transporters (DATs) are expressed extra-synaptically in DA neuron
axons, soma, and dendrites in the midbrain. These characteristics of DATs conclude that
dopamine is a volume transmitter that signals slowly and inaccurately. Volume transmission
communicates between neurons beyond the synaptic cleft. Hence signaling mechanisms between
two cells are not precise (Liu et al., 2018; Wiencke et al., 2020). Therefore, once dopamine is
released, it diffuses in a three-dimensional fashion from the release site and is either degraded or
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re-uptaken by DATs to the presynaptic terminals (Meiser et al., 2013; Rice and Cragg, 2008).
After reuptake, dopamine in the cytoplasm is degraded by MAO and aldehyde dehydrogenase to
carboxylic acid DOPAC. Additionally, dopamine can also be taken by glial cells and degraded to
HVA with the help of the enzymes MAO and catechol-O-methyltransferases (COMT) (Juárez
Olguín et al., 2016; Meiser et al., 2013).

1.1.3 Role of Dopamine in Movement Regulation
Basal ganglia refer to a group of subcortical nuclei whose primary function is to control motor
behavior and modulation. The circuits include the striatum and the subthalamic nucleus (STN),
which receive primary cortex input. In contrast, the globus pallidus (GPi) and the substantia
nigra pars reticulata (SNr) are two output nuclei of the thalamus and brainstem (Lanciego et al.,
2012). Dopamine mainly regulates this function via striatal direct and indirect pathways (Figure
1.2).

Figure 1.2: Classical Model of the Basal Ganglia in Healthy (left) and PD Conditions (right). In the normal
healthy state, dopamine neurons produced in the striatum activate the direct pathway and inhibit the indirect
pathway, facilitating proper movement. In PD, loss of dopamine neurons causes an increase in indirect pathway
activation, which results in the disinhibition of basal ganglia output. dMSN - Direct pathway medium spiny neuron;
iMSN - Indirect MSN; SNpc - substantia nigra pars compacta; GPi-globus pallidus pars interna; GPe-globus pallidus
pars externa; STN-subthalamic nucleus. Adapted from (McGregor and Nelson, 2019).

The direct pathway is connected from the cortex to the striatum via excitatory glutamatergic
neurons (Gerfen and Surmeier, 2011). The striatum is connected to GPi/SNr through GABAergic
spiny projection neurons (SPNs) that express dopamine receptor D1. Further, the neurons for
GPi/SNr send their axons (inhibitory) to the thalamus, which reduces the activity of the
thalamus. Disinhibition of the thalamus excites the motor cortex to increase movement via
glutamatergic transmission. In contrast, an indirect pathway that expresses dopamine receptor D2
first connects to globus pallidus external (GPe). GPe further sends inhibitory projections to STN.
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Inhibition of STN excites GPi/SNr and reduces the activity of the thalamus, finally suppressing
the unwanted movement. Therefore, bi-directional regulation of the action of both direct and
indirect pathways by dopamine facilitates proper movement. In healthy organisms, an increase in
dopamine concentration facilitates the direct pathway and reduces the activity of the indirect
pathway and vice versa. However, disease states such as PD, where degeneration of dopamine
neurons occurs, affect the level of dopamine. Due to the decrease in the dopamine level, the
activity of the indirect pathway increases, which results in the disinhibition of basal ganglia
output, therefore causing motor symptoms in PD (DeLong and Wichmann, 2007; Rommelfanger
and Wichmann, 2010; Surmeier et al., 2014).

1.2 Parkinson’s Disease
Parkinsonism has been known since ancient times. The possible parkinsonism features were
described in the ancient Indian ayurvedic literature as early as 2500 BC. In the western medical
literature, Galen described tremors in his text De Tremore around 169 and 180 AD. However, the
disease was recognized as a medical condition only in 1817 after publishing an essay entitled
"An Essay on the Shaking Palsy '' by James Parkinson. After many years of its discovery, some
progress has been made in understanding the mechanism of the disease. However, many
mysteries related to PD remain to be solved. During the 1960s, dopamine was identified as a
neurotransmitter enriched in basal ganglia, and it was hypothesized that dopamine deficiency
might contribute to PD (Carlsson et al., 1957). The work of Hornykiewicz and colleagues
demonstrated the reduction of dopamine in postmortem brain samples of PD patients (Ehringer
and Hornykiewicz, 1998). Levodopa was discovered as dopamine replacement therapy for
treating PD (Birkmayer and Hornykiewicz, 1961). Since then, it has been the mainstream
pharmacological treatment for PD. Nevertheless, until now, no treatment could halt or reverse the
disease progression.

Both environmental and genetic factors contribute to PD progression, but the exact etiology is
not well understood. The disease is diagnosed after the appearance of motor symptoms. The rest
of the chapter discusses etiology, pathophysiology, symptoms, and potential treatment
approaches in detail.

1.2.1 Epidemiology and Etiology
PD is a multifactorial disease, with age being one of the most crucial risk factors. PD is the
second most common neurodegenerative disease after Alzheimer’s, affecting 2–3% of the
population ≥65 years of age and 4-5% of the population over 85 years of age (de Lau and
Breteler, 2006b; Poewe et al., 2017). It is considered an age-related disease, increasing incidence
and prevalence with age. However, current data suggest that 25 % of PD patients are below 65
and 5-10 % below 50 years, which rules out the misconception that PD affects only older people
(Bloem et al., 2021). The incidence of PD is more common in men than women (Van Den Eeden
et al., 2003). Over 10 million people worldwide are diagnosed with PD (Parkinson's Foundation,
2021). Besides age and sex, both genetic and environmental factors play an important role in the
development of PD.

1.2.1.1 Environmental Factors
Environmental exposure contributes to the most late-onset of PD cases. About 90 % of PD cases
are sporadic with minimal contributions of genetic mutations (de Lau and Breteler, 2006a).
Various environmental toxins and lifestyles can contribute to the risk of developing PD.
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was the first neurotoxin discovered to be
associated with dopamine neuron degeneration and the risk of development of PD. In addition,
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exposure to herbicides (paraquat) and pesticides (rotenone) have been linked as important risk
factors in developing PD (Kouli et al., 2018). Numerous studies have also revealed several risk
factors such as dietary factors, drugs, exposure to toxic environmental agents (heavy metals),
habits, and medical history or comorbid diseases associated with PD (Bellou et al., 2016; Bloem
et al., 2021). Moreover, smoking and coffee drinking are considered negative risk factors for PD
(Logroscino, 2005).

1.2.1.2 Genetic Factors
Although most PD cases are idiopathic, genetic factors account for 5-10 % of total PD cases.
Recently, it has been reported that more than 20 genes have been associated with the risk of PD
development. In addition, 90 independent risk-associated variants have been identified by
genome-wide association studies, mostly in patients of European ancestry (Blauwendraat et al.,
2020). However, many identified genes and variants are highly debated, and further detailed
functional studies are warranted. Mutations in SNCA (encoding α-synuclein) were first
identified, which were responsible for the monogenic form of PD (Polymeropoulos et al., 1997).
Later, aggregates of α-synuclein protein were identified as the major component of Lewy bodies,
which is considered the primary hallmark of PD (Spillantini et al., 1997). The mutation in SNCA
is associated with early-onset disease often characterized by dementia and cognitive impairment
(Klein and Westenberger, 2012). Genetic mutations in leucine-rich repeat kinase 2 (LRRK2)
genes account for major (around 3-41 %) familial PD (Bloem et al., 2021). LRRK2 mutations
are responsible for late-onset PD that closely resembles idiopathic PD. Gly2019Ser mutation in
the LRRK2 gene is the most common, and patients with this mutation have neuropathological
changes, i.e., Lewy bodies similar to idiopathic PD (Tolosa et al., 2020). PTEN-induced kinase 1
(PINK1) and Parkin mutations are the major causes of autosomal recessive, early-onset familial
PD. Parkin mutations account for 10-20 % of early-onset PD (Klein and Lohmann-Hedrich,
2007). PINK1 is the second most common cause of the early onset of autosomal recessive PD,
accounting for 9 % of PD cases (Klein and Westenberger, 2012). Mutations in the DJ-1 gene are
infrequent and associated with autosomal recessive PD accounting for 1-2 % of early-onset PD
cases (Pankratz et al., 2006). Similarly, glucosylceramidase beta (GBA), a lysosomal hydrolase,
is a susceptible gene in PD. Both gain-of-function and loss-of-function mutations in this gene are
associated with early-onset PD, accompanied by severe cognitive impairment (Ryan et al., 2019;
Sidransky et al., 2009). Also, mutations in endosomal/lysosomal transport protein ATP13A2
have been found to cause autosomal recessive forms of PD associated with rapid disease
progression accompanied by dementia (Ryan et al., 2019).

1.2.2 Pathophysiology of PD
PD is caused by the degeneration and loss of midbrain dopamine neurons. In the midbrain,
dopamine neurons are present in the SNpc, VTA, and the retrobulbar field. However, dopamine
neurons of the SNpc are more vulnerable in PD than VTA, and dopamine neurons are present in
other brain areas (Alberico et al., 2015; Giguère et al., 2018). Dopamine neurons from the SNpc
project to the putamen and caudate forming a nigrostriatal pathway mainly involved in motor
planning (Figure 1.3). Therefore, it is evident that the degeneration of dopamine neurons leads to
motor impairments which are the primary symptoms of PD. The motor deficits include tremors,
rigidity, slowness of movement, and postural imbalance (Conditions (UK), 2006). It is thought
that motor symptoms appear when SN cell loss is around 30 % and striatum fiber loss is 50-60 %
(Cheng et al., 2010). Moreover, 80 % of striatal dopamine content is depleted at disease onset.
The degeneration of dopamine neurons occurs in a “dying back” fashion, which means that the
axons degenerate first, and only afterward the process starts to affect the cell bodies (Burke and
O’Malley, 2013; Dauer and Przedborski, 2003). This hypothesis is also supported by the
experimental evidence from MPTP-treated monkeys where striatal degeneration is observed
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before SNpc cell bodies (Herkenham et al., 1991). Further, Kordower et al. study on
post-mortem patient samples showed almost complete degeneration of striatal dopamine fibers
four-five years post-PD diagnosis with marginal loss of dopamine neurons in the SNpc,
supporting the above hypothesis (Kordower et al., 2013).

PD is not limited to the midbrain. It has been recognized that PD is a multisystem disease that
affects other systems such as the olfactory system, cholinergic system, serotonergic system, and
noradrenergic system (Pfeiffer, 2016; Rana et al., 2015). Dysfunction of these systems might be
responsible for the manifestation of the non-motor symptoms of PD. Some of the non-motor
symptoms of PD may appear several years before the onset of motor features. Several non-motor
symptoms continue to develop throughout the course of disease progression. The non-motor
symptoms of PD are constipation, sleep disruption, depression, anxiety, dementia, cognitive
dysfunction, and sexual dysfunction (Schapira et al., 2017). In addition, pain is a common
symptom of PD, which occurs in more than half of PD patients (Fu et al., 2018; Silverdale et al.,
2018). Among different forms of pain, the prevalence of neuropathy in idiopathic PD is around
35 % compared to age-matched healthy control subjects (Adewusi et al., 2018). Neuropathic pain
has been reported mainly in the PD patient taking a very high dose of levodopa (Tai and Lin,
2020).

Although there are several hypotheses behind the pathological mechanism of the degeneration of
dopamine neurons, the exact mechanism is still not completely understood. However, current
views suggest mitochondrial dysfunction, neuroinflammation, and abnormal protein aggregations
be involved in the pathogenesis of PD.

Figure 1.3: Schematic Representation of Healthy and PD Brain. (A) Dopamine neurons project from the
substantia nigra pars compacta to the dorsal striatum, illustrated with black lines. (B) Dopamine neurons degenerate
in PD, as illustrated with dotted lines. (Study V). Figure modified from publication V.
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1.2.2.1 Abnormal Protein Aggregation and Proteasome Dysfunction
The pathological hallmark of PD is the presence of intraneuronal inclusions called Lewy bodies
(LB) and Lewy neurites (LN). Ultrastructure analysis of LBs showed that it contains varieties of
cellular proteins, the majority being ɑ-synuclein. ɑ-synuclein is a small protein expressed in
neurons and peripheral tissues which are mainly involved in the maintenance of synapses,
modulation of mitochondrial function, and regulation of dopamine metabolism (Lehtonen et al.,
2019). Both LB and LN are formed due to the damage of various organelles and vesicles, which
reflects the major process in the pathogenesis of PD (Shahmoradian et al., 2019; Shults, 2006).
ɑ-synuclein is involved in many neurodegenerative diseases such as dementia with Lewy bodies
(DLB), multiple system atrophy (MSA), and PD (Wong and Krainc, 2017). LB pathology can be
found in multiple neuroanatomical areas such as the sympathetic ganglia, the enteric nervous
system, and the cardiac plexus. Further, it is hypothesized that LB pathology originates in the
periphery and then propagates to the CNS in a retrograde fashion (Braak et al., 2003; Hawkes et
al., 2007, 2009). However, PD is not always present with Lewy pathology (Giasson et al., 2006;
Madsen et al., 2021).

The ubiquitin-proteasome system (UPS) and the autophagosome-lysosome pathway (ALP)
degrade misfolded proteins and abnormal protein aggregates. In cells, protein quality control
(PQC) machinery constantly monitors and maintains protein homeostasis by degrading
misfolded proteins and aggregates. However, failure of the PQC machinery leads to the
accumulation of damaged proteins causing cellular dysfunction and, finally, cell death
(Ciechanover and Kwon, 2017). Both UPS and ALP are affected by an increased level of
intracellular ɑ-synuclein (Ebrahimi-Fakhari et al., 2012).

Gene expression profiling of the SN region in PD patients shows the downregulation of genes
involved in protein degradation (Grünblatt et al., 2004). Further, the reduced level of 20S
proteasome core, α-subunit, and 19S regulatory caps are observed in the SN region of PD
patients (Bukhatwa et al., 2010; McNaught et al., 2002a, 2002b). Additionally, evidence from
both in vitro and in vivo studies has shown that mutant ɑ-synuclein inhibits the activity of 20S or
26S proteasome reviewed elsewhere (Lehtonen et al., 2019). The application of proteasome
inhibitors in PC12 cells and cultured dopamine neurons leads to dose-dependent degeneration of
cells and the formation of inclusion bodies resembling LB (McNaught et al., 2002a; Rideout et
al., 2001).

The first evidence of apoptosis and autophagic degeneration of neurons was observed by the
ultrastructural examination of the SN from postmortem tissues of human PD patients (Anglade et
al., 1997). Later substantial shreds of evidence showing the involvement of ALP in PD have
been collected (Ebrahimi-Fakhari et al., 2012). Additionally, consequences of mutations in the
lysosomal transport protein ATP13A2 (Ramirez et al., 2006), glucocerebrosidase (Sidransky and
Lopez, 2012), and other autosomal recessive PD genes such as parkin (PARK2), PINK1
(PARK6), DJ-1 (PARK7) (Lehtonen et al., 2019; Senkevich and Gan-Or, 2020) also support
altered autophagy in PD. The link between ALP and ɑ-synuclein has been extensively studied in
recent years. Mutated ɑ-synuclein has been shown to impair chaperone-mediated autophagy by
binding to the receptor on the lysosomal membrane (Cuervo et al., 2004; Xilouri et al., 2009).

1.2.2.2 Mitochondrial Dysfunction
Mitochondrial dysfunction plays a central role in the pathogenesis of PD and is associated with
both familial and sporadic PD (Winklhofer and Haass, 2010). Impairment in the functions of
mitochondria might occur due to several factors such as increased reactive oxygen species (ROS)
production, a defect in mitochondrial biogenesis, the dysfunction of complex I, and a defect in
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mitophagy leading to the degeneration of dopamine neurons. The dysfunction of complex I is the
key feature of PD (Surmeier et al., 2017). Neurotoxins such as MPTP, paraquat, and rotenone
inhibit mitochondrial function by affecting the respiratory chain complex I, resulting in reduced
ATP production, consequently leading to oxidative stress (Martinez and Greenamyre, 2012).
Although mitochondrial dysfunction is known to be one of the hallmarks of PD, its contribution
to the pathogenesis of PD was unclear. A recent study shows that deleting the core subunit of the
mitochondrial membrane respiratory chain NADH dehydrogenase (Complex I) from dopamine
neurons results in progressive human-like parkinsonism. Initially, mutant mice did not show any
motor deficits, but the mutation impaired motor learning and fine motor skills. However, gross
motor deficits were observed with the increasing age of the mice (González-Rodríguez et al.,
2021).

Mutations in PINK1 and Parkin are associated with autosomal recessive early-onset PD. Both
PINK1 and Parkin play key roles in mitochondrial quality control (Ge et al., 2020). In addition,
DJ1 maintains mitochondrial morphology and functions by regulating TP synthase protein
components (Chen et al., 2019). DJ-1 acts as a scavenger for ROS, thereby preventing the
degeneration of cells (Ariga et al., 2013). Mutation in DJ-1 results in leaky mitochondria, which
is the hallmark of cell death (Giaime et al., 2012).

Interestingly, ɑ-synuclein seems to interfere with mitochondrial function by accumulating in
mitochondria. It is hypothesized that ɑ-synuclein might be associated with complex I and may
play a role in respiratory chain dysfunction (Devi et al., 2008; Faustini et al., 2017). Further,
there is evidence that the post-translationally modified species of ɑ-synuclein impair
mitochondrial protein import, resulting in reductions in mitochondrial respiration and increased
ROS production (Di Maio et al., 2016). However, the exact mechanism behind neuronal death is
currently unclear.

1.2.2.3 Neuroinflammation
Although the mechanism of PD pathology is not fully understood, chronic neuroinflammation
contributes to the neurodegeneration of dopamine neurons in PD (Wang et al., 2015). Both
genetic and epidemiological studies support the hypothesis that neuroinflammation is one of the
major contributing factors to PD pathophysiology (Yao et al., 2021). Postmortem analysis of
both experimental animals and PD patients indicates the presence of T-cell infiltration, elevated
levels of proinflammatory cytokines, and microglial activation (Członkowska et al., 1996;
Iravani et al., 2005; Kohutnicka et al., 1998; Mogi et al., 1996).

Neuroinflammation is a protective mechanism in the brain and is involved in the phagocytosis of
cell debris (Spencer et al., 2012). However, chronic neuroinflammation is detrimental to cells,
causing excessive cell death. Oxidative stress and ROS production are linked to the strong
proinflammatory response of microglial cells by increased production of cytokines, chemokines,
and adhesive molecules that further cluster activated microglia around dopamine neurons,
contributing to the degeneration of dopamine neurons (Peterson and Flood, 2012). Microglia is
one of the key players involved in the inflammatory response. Activated microglia have two
alternative phenotypes, M1 (proinflammatory) and M2 (anti-inflammatory). M1 microglia is
featured in the production of various pro-inflammatory cytokines such as tumor necrosis factor-α
(TNF-α), interleukin-1 (IL-1β), superoxide, nitric oxide (NO), and ROS, which mediate the
inflammatory process upon tissue injury and further contribute to the acceleration of dopamine
neuron death (Tang and Le, 2016). Misfolded and aggregated proteins, DNA, and lipids released
from damaged dopamine neurons are believed to enhance the microglia activation. Interestingly,
activated microglia accumulate around the aggregated ɑ-synuclein and further release
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pro-inflammatory cytokines, enhancing the inflammatory process (Rojanathammanee et al.,
2011; Zhang et al., 2005).

1.2.2.4 Endoplasmic Reticulum (ER) Stress
The ER is the largest organelle in the cell and is involved in the synthesis of secreted and plasma
membrane proteins, their folding, lipid metabolism, and the maintenance of calcium homeostasis
(Schwarz and Blower, 2016). The ER contains several folding enzymes and chaperones mainly
responsible for the clearance of misfolded proteins and the maintenance of homeostasis. The
disturbance of the normal function of the ER can lead to ER stress which induces a cellular
protective response called the unfolded protein response (UPR) (Tabas and Ron, 2011). In
mammalian cells, UPR mediates its function to restore ER homeostasis mainly through three
UPR signal activator proteins termed inositol-requiring protein 1 alpha (IRE1ɑ), protein kinase
RNA-like ER kinase (PERK), and activating transcription factor 6 (ATF6). During stress
conditions, UPR helps to restore the functions of ER by reducing overall protein synthesis,
increasing proteolysis and autophagy, and also it increases the synthesis of chaperones. However,
prolonged activation of UPR can lead to a signaling switch, causing cell death or apoptosis.
Notably, several genes which are considered risk factors for PD development (discussed in
section 1.2.1.2) are also responsible for ER and mitochondrial dysfunction (Kovaleva and
Saarma, 2021). Mutations in these genes can alter ER homeostasis, which can further lead to
ER-induced cell death (Kovaleva and Saarma, 2021). There are shreds of evidence that
transcripts associated with the UPR are significantly increased in both in vitro (Holtz and
O’Malley, 2003; Ryu et al., 2002) and in vivo (Cai et al., 2016; Selvaraj et al., 2012) neurotoxin
models of PD. Neuropathological studies of human tissues from PD patients also demonstrate
increased immunoreactivity for UPR activation markers (pPERK and peIF2ɑ) in dopamine
neurons of the SN (Hoozemans et al., 2007). Further, studies conducted using induced
pluripotent stem cells (iPSCs)-derived cortical neurons from PD patients harboring ɑ-synuclein
mutations showed early signs of ER stress and the accumulation of ER-associated degradation
substrates (Chung et al., 2013). Similarly, dopamine neurons derived from iPSCs lines of PD
patients harboring α-synuclein and glucocerebrosidase mutations also revealed the upregulation
of ER stress markers (Fernandes et al., 2016). These studies suggest that altered ER homeostasis
may contribute to dopamine neurodegeneration due to impaired protein homeostasis in dopamine
neurons.

1.2.3 Current and Future Drug Treatments for Parkinson’s
Many different approaches have been developed for PD treatment. However, currently available
therapies do not halt the disease progression. Current medications are levodopa, dopamine
agonists, MAO-B inhibitors, and COMT inhibitors. Table 1.1 summarizes the current
medications used to treat motor symptoms in PD. L-DOPA, the precursor of dopamine, is
primarily the gold standard drug for PD treatment. However, chronic treatment with L-DOPA
results in undesirable side effects such as dyskinesia and the fluctuation of motor response
(Oertel and Schulz, 2016). To increase the effect of L-DOPA by increasing its availability,
L-DOPA is often used in combination with MAO-B and COMT inhibitors (Olanow and
Schapira, 2013). Due to the possible neurotoxic effect of L-DOPA, direct dopamine agonists are
also prescribed as early monotherapy for PD (Jankovic and Aguilar, 2008).

Deep brain stimulation (DBS) has also been developed to treat motor function in PD. The
electrodes are implanted in specific brain areas (such as STN or GPi) with the help of
neurosurgery, and the electrical signals generated help to control abnormal motor activity. DBS
therapy is often considered when patients develop dyskinesia and the fluctuation of motor
response after L-DOPA treatment (Miocinovic et al., 2013; Oertel and Schulz, 2016).
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Non-motor symptoms add severity to PD, and the treatment strategy largely remains unexplored.
There are no drugs that would address the non-motor symptoms as the primary endpoint. In
clinics, non-motor symptoms of PD patients are treated with acetylcholinesterase inhibitors
rivastigmine, and donepezil (Oertel and Schulz, 2016). However, like motor symptoms
treatment, the management of non-motor symptoms is symptomatic. Therefore, there is an unmet
need to develop a drug that would simultaneously address motor and non-motor symptoms.

Besides pharmacological and surgical treatments, non-pharmacological treatments such as
exercise and physical therapy may help to treat motor and non-motor symptoms of PD (Mak et
al., 2017; Oliveira de Carvalho et al., 2018). Physical exercise has been shown to increase
dopamine turnover in mice (Hattori et al., 1994), suggesting exercise might contribute to the
synthesis and metabolism of DA, which can be helpful for the treatment of motor symptoms in
PD. In addition, exercise helps to increase the expression of neurotrophic factors such as glial
cell line-derived neurotrophic factor (GDNF) (Castro et al., 2022) and brain-derived
neurotrophic factor (BDNF) (Rasmussen et al., 2009). Both of these neurotrophic factors
promote neuronal survival and regeneration. They can also help to treat non-motor deficits
(behavior, mood, cognition) in PD (Oliveira de Carvalho et al., 2018).

The current medications (Table 1.1) are unable to halt the disease progression. Hence, the
development of disease-modifying therapy that could protect and restore dopamine and other
neurons affected by PD will revolutionize the strategy of PD management. In this regard,
neurotrophic treatment or cell-based therapies, such as releasing neurotrophic factors or direct
cell replacement, are emerging approaches to treat PD (Barker et al., 2018). Recent advances
have been made in the development of neural stem cell transplantation to replace degenerated
dopamine neurons. Human embryonic stem cells (hESCs) and iPSCs have been tested in
preclinical models with successful outcomes.

Dopamine neurons derived from hESCs, when grafted in three different animal models of PD
(mice, rats, and monkeys), have shown robust survival and improved motor deficits (Kriks et al.,
2011). In addition, the transplantation of PD patient iPS cell-derived dopamine neurons in a
6-OHDA animal model of PD resulted in surviving dopamine neurons with functional motor
improvement (Hargus et al., 2010). Pre-clinical studies of hESC and iPSCs-derived
dopaminergic progenitor cells are safe with no tumorigenicity and undifferentiated cells (Doi et
al., 2020; Garitaonandia et al., 2016; Wang et al., 2018). Recently, the implantation of
iPSC-derived autologous dopaminergic progenitor cells in a patient with idiopathic PD showed
graft survival and signs of improvements in motor assessment (Schweitzer et al., 2020). Thus,
cell replacement therapy has raised hope for the disease-modifying therapy of PD. However,
more detailed studies are needed for successful translation as a regenerative therapy for PD.

The rest of the chapter provides detailed descriptions of neurotrophic factors, mainly GDNF and
its family members.
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Table 1.1 Current motor symptoms therapy in Parkinson's disease

Drug
classifications

Mode of
action

Indications Adverse
effects

References

Levodopa It crosses BBB
and is

decarboxylated
to form

dopamine.

Motor symptoms Motor
complications

such as
fluctuations and

dyskinesias;
nausea, vomiting

(Jankovic and
Aguilar, 2008;

Marsden, 1994)

Dopamine
agonists

Activates
dopamine
receptors

Motor symptoms Somnolence,
hallucinations,
edema, nausea,
vomiting, and

occasional skin
irritation

(Poewe and
Luessi, 2005;

Tan and Ondo,
2000)

MAOB
inhibitors

Inhibits
monoamine

oxidase enzyme.
MAOB is

responsible for
the metabolism
of dopamine to

3,4-dihydroxyph
enylacetaldehyd

e (DOPAL)

All motor
symptoms

Nausea,
diarrhea,

constipation,
drowsiness,
insomnia,

dizziness, and/or
lightheadedness

(Sub Laban and
Saadabadi,

2022)

COMT
inhibitors

Inhibits COMT
which prevents
the degradation

of levodopa.

All motor
symptoms

Diarrhea,
elevated liver

enzymes

(Rivest et al.,
1999)

Anticholinergic Acts as
antagonists at
cholinergic
receptors

All motor
symptoms,

muscle stiffness

Confusion,
memory

problems,
restlessness, and

hallucinations

(Zahoor et al.,
2018)

NMDA inhibitor Acts as
antagonists at

NMDA
receptors

Tremors,
dyskinesias

Dry mouth,
nausea or
vomiting,

constipation,
confusion,
tiredness,

(Rascol et al.,
2021)
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1.3 Neurotrophic Factors (NTFs)
NTFs are the family of small endogenous proteins that regulate neuronal cell survival and
growth. They are also required to maintain both developing and mature neurons and are involved
in synaptic plasticity and many other aspects of neuronal cell life. Neurotrophic factors are
secreted into the extracellular space and function via receptors. They bind and activate receptors
necessary for neuronal survival, proliferation, regeneration, and maintenance.

There are four families of neurotrophic factors: neurotrophins, neurokines, mesencephalic
astrocyte-derived neurotrophic factor/cerebral dopamine neurotrophic factor (MANF/CDNF)
protein family, and GDNF family ligands (GFLs) (Sidorova et al., 2019). Neurotrophins include
nerve growth factor (NGF), BDNF, neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) (Huang
and Reichardt, 2001). Neurotrophins are important regulators of neuronal survival and neurite
outgrowth and also have neuroprotective and repair functions (Korsching, 1993; Sofroniew et al.,
2001). The neurokine family includes leukemia inhibitory factor (LIF), ciliary neurotrophic
factor (CNTF), interleukin-6 (IL-6), IL-11, IL-27, IL-37, oncostatin M, neuropoietin,
cardiotrophin-1 and cardiotrophin-like cytokine. Neurokines are involved in brain development
and also promote the survival of several populations of neurons (Nathanson, 2012; Stolp, 2013).

MANF and CDNF are the new members of neurotrophic factors, an evolutionarily conserved
family of unconventional NTFs with a unique mode of action (Lindholm and Saarma, 2010).
They can maintain protein homeostasis by regulating the endoplasmic reticulum and also
regulate inflammation (Lindholm and Saarma, 2022). CDNF can protect and restore dopamine
neurons in animal models of PD. Recently, a phase I clinical trial was conducted with CDNF in
PD patients and CDNF was found to be safe and well-tolerated (Lindholm and Saarma, 2022).

In my dissertation, GFLs are discussed in detail throughout the rest of the chapters.

1.4 GDNF Family Ligands
GFLs include four members, namely GDNF, neurturin (NRTN), artemin (ARTN), and persephin
(PSPN). GFLs are the distant family members of the transforming growth factor β (TGFβ)
superfamily with the conserved spacing of seven cysteine residues that form a cysteine knot.
GFLs are produced as precursor proteins that contain signal peptides and pro-regions. The
precursor GFLs undergo proteolytic cleavage to form mature GFLs, functioning as homodimers.
The mature GFLs bind to their respective GDNF family-like receptor ɑ (GFRɑ) and form a
multi-component signaling complex with Rearranged during transfection (RET) receptor
tyrosine kinase. GFLs can not only activate RET but also signal via neuronal cell adhesion
molecule (NCAM) and syndecan-3 (Bespalov et al., 2011; Paratcha et al., 2003) which is
described in detail later in the text. Other receptors such as N-cadherin and integrins have been
described in the literature as potential signaling receptors of GDNF (Cao et al., 2008; Chao et al.,
2003; Zuo et al., 2013). However, more detailed study of these receptors in the dopamine system
is required and therefore they will not be discussed here in this thesis. GFLs control several
biological functions such as cell survival, cell migration, cell differentiation, and neurite
outgrowth (Airaksinen and Saarma, 2002). GLFs also play an important role outside the nervous
system in kidney development and spermatogenesis (Hofmann et al., 2005; Li et al., 2019; Meng
et al., 2000; Moore et al., 1996; Pichel et al., 1996; Sánchez et al., 1996).
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1.4.1 Glial cell line-derived neurotrophic factor
GDNF was the first GFL discovered and biochemically purified from the rat glioma cell line B49
(Lin et al., 1993). Because of its ability to promote the survival of dopamine neurons that are
degenerated in PD, GDNF is considered a potential therapeutic strategy for treating PD
(Bespalov and Saarma, 2007).

GDNF is synthesized as a long precursor protein (211 amino acids) which is further processed
and secreted as a mature protein (134 amino acids) (Trupp et al., 1995). Until now, five mRNA
transcripts of GDNF have been identified in mice. However, only two of them have been studied
so far: pre-(α)long pro-GDNF and pre-(β)short-pro-GDNF which are generated by alternative
splicing of the exon 2 (Lonka-Nevalaita et al., 2010; Suter-Crazzolara and Unsicker, 1994; Trupp
et al., 1995). Pre-(α)long pro-GDNF is localized mostly in the Golgi and secreted constitutively.
In contrast, the shorter version pre-(β)short-pro-GDNF, formed after the deletion of 26 amino
acids in the pro-region, is mostly localized in the vesicle of the regulated secretory pathway
(Lonka-Nevalaita et al., 2010). However, mature GDNF, which is formed by both isoforms,
seems identical (Lonka-Nevalaita et al., 2010; Penttinen et al., 2018; Trupp et al., 1995). The
mature GDNF contains two potential glycosylation sites at N49 and N85. However, GDNF is
glycosylated only at N49 out of the two consensus sites. Glycosylation aids in processing GDNF
and increases its stability (Piccinini et al., 2013).

GDNF is expressed both in neurons and peripheral tissues in non-neuronal cells. In the CNS,
GDNF mRNA is expressed in several brain areas such as substantia nigra neurons, including the
striatum (predominantly in parvalbumin-positive interneurons), nucleus accumbens, thalamic
nuclei, olfactory tubercle, hippocampus, cerebellum, and cingulate cortex (Hidalgo-Figueroa et
al., 2012; Trupp et al., 1997). In the periphery, GDNF is expressed in the kidney, gastrointestinal
tract, lungs, liver, skin, testis and skeletal muscles (Golden et al., 1999; Suter-Crazzolara and
Unsicker, 1994; Suvanto et al., 1996; Trupp et al., 1995). The expression of GDNF in the
periphery indicates its important role in the development of peripheral organs. Intriguingly, there
is pronounced segregation of the expression pattern of GDNF and its receptors in different
tissues, suggesting GDNF as both a local and target-derived neurotrophic factor (Schaar et al.,
1993).

GDNF promotes survival and enhances dopamine uptake of cultured midbrain dopamine
neurons. Furthermore, GDNF promotes both functional and morphological differentiation of
cultured dopamine neurons (Lin et al., 1993). Interestingly, the role of GDNF is not restricted to
dopamine neurons. GDNF has survival-promoting effects in both cultured and lesioned motor
neurons (Henderson et al., 1994; Lin et al., 1993; Oppenheim et al., 1995; Yan et al., 1995).
GDNF also acts as the trophic factor for sensory, parasympathetic, and sympathetic neurons
(Buj-Bello et al., 1995; Ebendal et al., 1995; Trupp et al., 1995). Additionally, GDNF promotes
the survival and differentiation of Purkinje cells both in vitro and in vivo (Mount et al., 1995;
Tolbert and Clark, 2003). GDNF prevents the degeneration of noradrenergic neurons (Arenas et
al., 1995) and hippocampal neurons (Martin et al., 1995) in vivo. Recently, it has been shown
that GDNF plays an important role in neuronal plasticity by regulating both the dendrite
morphology and the spine density of adult-born hippocampal neurons (Bonafina et al., 2019).
Furthermore, GDNF is required for the development of parvalbumin (PV)-expressing
GABAergic interneurons in the cerebral cortex (Canty et al., 2009) and olfactory bulb
GABAergic interneurons (Zechel et al., 2018). Besides these functions, GDNF also plays a
critical role in the development and function of the enteric nervous system, excretory system,
spermatogonia differentiation, and olfactory system (Marks et al., 2012; Moore et al., 1996;
Pichel et al., 1996; Sánchez et al., 1996).
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The physiological role of GDNF in the development of the nervous system was studied by
generating GDNF-null mice. There is a substantial loss of motor neurons, dorsal root ganglion,
sensory neurons, and sympathetic and nodose neurons in GDNF-deficient mice. However,
hindbrain noradrenergic or midbrain dopamine neurons remained intact, suggesting a lack of
critical role of GDNF in these populations of neurons during their early development.
Furthermore, GDNF-null mice lack kidneys, ureters, and the enteric nervous system (ENS)
(Moore et al., 1996; Pichel et al., 1996). The phenotypic appearance of GDNF-null mice was
similar to that of GFRɑ1 (Enomoto et al., 1998; Tomac et al., 1999) and RET knockout mice
(Schuchardt et al., 1994). Two different research groups generated conditional knockout mice to
study the importance of GDNF in adult dopamine neurons. However, the results of those studies
remain disputed. Pascual et al reported that GDNF is required for the survival of adult
catecholaminergic neurons (Pascual et al., 2008). In contrast, the findings of Kopra and
coauthors indicated that GDNF is not required for the survival of catecholaminergic neurons but
regulates the functions of adult dopamine neurons (Kopra et al., 2015). Recently, a new
conditional GDNF KO mouse was generated and characterized. Here, GDNF deletion was
obtained using tamoxifen-inducible UBC-Cre-ERT2 mice. The administration of tamoxifen
allowed around 80 % reduction of both GDNF messenger ribonucleic acid and protein in the
striatum and septum with significant loss of catecholamine neurons in the SN and locus
coeruleus, suggesting that GDNF is essential for the maintenance of adult catecholamine neurons
(Enterría-Morales et al., 2020). Despite contradictory results, the impact of GDNF in maintaining
dopamine homeostasis has been well established, which also highlights the importance of GDNF
in the context of neurodegenerative diseases like PD (Kopra et al., 2017).

1.4.2 Neurturin (NRTN)
NRTN is structurally related to GDNF and was identified as a survival-promoting factor for
sympathetic neurons in culture (Kotzbauer et al., 1996). NRTN is also a distant member of the
TGF- superfamily and contains seven conserved cysteine residues with the same relative
spacing (Saarma and Sariola, 1999). NRTN is synthesized as a precursor protein of 195 amino
acids which contains 19-amino-acid signal sequences and a 76-amino-acid pro-region
(Kotzbauer et al., 1996). The mature protein shares 40 % of sequence identity with GDNF and
exists as a homodimer (Heuckeroth et al., 1997). NRTN preferentially binds to GFRɑ2 and
signals via RET and/or neural cell adhesion molecule (NCAM) (Baloh et al., 1997; Buj-Bello et
al., 1997; Jing et al., 1997; Klein et al., 1997; Paratcha et al., 2003; Suvanto et al., 1997). In
addition, NRTN also signals directly through syndecan-3, a transmembrane heparan sulfate (HS)
proteoglycan (Bespalov et al., 2011).

NRTN mRNA is detected in both neuronal and non-neuronal tissues. In the CNS, it is expressed
in the substantia nigra, postnatal cerebral cortex, striatum, several brainstem areas, and the pineal
gland (Golden et al., 1998; Widenfalk et al., 1997). NRTN is widely expressed in many
peripheral tissues such as the pituitary gland, intestine, salivary gland, testis, skin, ovary, adrenal
gland, kidney, thyroid, and spleen, suggesting the role of NRTN in the maintenance of these
organs (Golden et al., 1998, 1999; Widenfalk et al., 1997; Xian et al., 1999).

NRTN plays a critical role in the development and maintenance of several neuronal populations.
NRTN promotes the survival of sympathetic, nodose, dorsal root ganglia neurons (Kotzbauer et
al., 1996), cholinergic neurons (Golden et al., 2003), and motor neurons (Garcès et al., 2001). It
also has a survival effect on enteric neuron precursors. Additionally, it increases the number of
both enteric neurons and ganglia (Heuckeroth et al., 1998). NRTN is involved in retinal postnatal
development and maintenance (Jomary et al., 1999). Similar to GDNF, NRTN also supports the
survival of both developing and mature DA neurons (Horger et al., 1998). However, NRTN
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cannot induce sprouting and hypertrophy of developing dopamine neurons (Akerud et al., 1999).
Genetic ablation of the NRTN or its receptor gene results in defects in the enteric nervous system
and sensory and parasympathetic neurons. However, no defects were observed in the CNS,
which reflects that similarly to GDNF, NRTN might be required for the maintenance of neurons
in the CNS rather than for their early development. Unlike GDNF-deficient mice,
NRTN-deficient mice were viable and fertile without any obvious defects in the excretory system
(Heuckeroth et al., 1999; Rossi et al., 1999).

1.4.3 Artemin (ARTN)
ARTN (initially called neublastin) is the fourth member of GFL, which was discovered using a
homology database search. ARTN is synthesized as 113 amino acids and contains seven
conserved cysteine residues. ARTN is more similar to NRTN and PSPN (45 % sequence
identity) than to GDNF (36 % sequence identity) (Baloh et al., 1998; Masure et al., 1999;
Rosenblad et al., 2000). ARTN functions as a homodimer. It forms complexes with GFRɑ3 and
signals through RET (Baloh et al., 1998). However, ARTN can also crosstalk with other
co-receptor such as GFRɑ1. Additionally, ARTN can also signal via other receptors such as
syndecan-3 and NCAM (Bespalov et al., 2011; Schmutzler et al., 2011).

ARTN is expressed during embryogenesis and also in adult tissues. Relatively low expression is
also observed in peripheral tissues and the brain. The highest expression level is observed in the
pituitary gland, placenta, and trachea. ARTN functions as the survival factor for sensory and
sympathetic neurons (Baloh et al., 1998). In addition, ARTN also increases the survival and
morphological differentiation of cultured dopamine neurons (Rosenblad et al., 2000; Zihlmann et
al., 2005).

1.4.4 Persephin (PSPN)

PSPN was identified as a member of GFL by homology cloning. PSPN is 156 amino acids long
and contains a predicted 21-amino-acid long signal peptide. The mature protein of 96 amino
acids is generated by the cleavage of the RXXR consensus sequence and contains conserved
cysteine residues. The mature protein is 40 % identical to GDNF and NRTN (Milbrandt et al.,
1998). PSPN binds to GFRɑ4 but can also crosstalk with GFRɑ1 and signals through RET
(Enokido et al., 1998a; Lindahl et al., 2000, 2001; Masure et al., 2000; Sidorova et al., 2010).

PSPN mRNA is detected at a relatively low level throughout the nervous system and in many
peripheral tissues (Jaszai et al., 1998; Milbrandt et al., 1998; Quartu et al., 2007). PSPN
promotes the survival of cultured dopamine neurons and protects dopamine neurons after
6-hydroxydopamine treatment in vivo. It also acts as the survival-promoting factor for cultured
motor neurons and cholinergic neurons and promotes ureteric bud branching. However, unlike
GDNF and NRTN, PSPN does not support the survival of SCG and sensory neurons (Golden et
al., 2003; Milbrandt et al., 1998). Normal development and behavior were observed in mice
lacking PSPN, but these mice were more susceptible to cerebral ischemia. Neuronal death due to
ischemia can be attenuated by administering recombinant PSPN (Tomac et al., 2002).

1.5 GDNF Family Receptors: Structure and Signaling

1.5.1 GDNF Family Receptors ɑ 1-4 (GFR ɑ1-4)

GDNF family co-receptors ɑ (GFRɑ) include four proteins GFRɑ1-4 that are attached to the cell
surface by a glycosylphosphatidylinositol (GPI) anchor. GFRɑ1 was the first to be discovered as
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the binding partner of GDNF (Jing et al., 1996; Treanor et al., 1996). Later, using a homology
search in databases resulted in the cloning of GFRɑ2 (Baloh et al., 1997; Buj-Bello et al., 1997;
Klein et al., 1997; Suvanto et al., 1997), GFRɑ3 (Baloh et al., 1998; Jing et al., 1996; Masure et
al., 1998; Naveilhan et al., 1998; Trupp et al., 1998a; Worby et al., 1998), and GFRɑ4 (Enokido
et al., 1998b; Lindahl et al., 2000, 2001; Masure et al., 2000; Thompson et al., 1998).

All the GDNF family ligands have their preferred co-receptors, as shown in figure 1.4. GDNF
preferentially binds to GFRɑ1, GDNF and NRTN to GFRɑ2, ARTN to GFRɑ3, and PSPN to
GFRɑ4 with a significant degree of crosstalk between ligands and receptors (Airaksinen and
Saarma, 2002; Sidorova et al., 2010). GDNF can also bind to GFRɑ2 and GFRɑ3 (Bespalov and
Saarma, 2007). Furthermore, ARTN and PSPN can also bind to GFRɑ1 receptors (Baloh et al.,
1998; Sidorova et al., 2010).

Structurally, GFRɑs have three conserved cysteine-rich domains (CRD1-CRD3) except
mammalian GFRɑ4, which lacks CRD1 (Airaksinen et al., 1999; Lindahl et al., 2000). However,
in chicken, GFRɑ4 contains all three cysteine-rich domains (Enokido et al., 1998a; Thompson et
al., 1998). It has been reported that domains CRD2-CRD3 form a central domain responsible for
GDNF binding (Scott and Ibáñez, 2001). The crystal structure analysis of GFRɑ1 showed that
domain 3 consists of five ɑ-helices with five disulfide bridges. Further, this study identified four
specific domain 2 residues: Phe213, Arg224, Arg225, and Ile229, forming putative GDNF
binding surfaces. In addition, Arg217, which is present in domain 2, might be involved in
binding RET (Leppänen et al., 2004). Although the crystal structure of CRD1 was still not
solved, it has been reported that it is not involved in GDNF binding but rather plays a role in the
optimal function of GFRɑ1 by stabilizing the interaction between GFRɑ1 and GDNF. Further,
CRD1 does not seem to be involved in interaction with RET (Virtanen et al., 2005). However,
CRD1 is involved in the stabilization of the complex of RET and GFRɑ1/GDNF (Amoresano et
al., 2005). Interestingly, the N-terminal domain of GFRɑ1 also binds to NCAM which is an
alternative receptor for GFRɑ1/GDNF (Paratcha et al., 2003) and will be discussed in the latter
part of the thesis.

The crystal structures of both GFRɑ1/GDNF and GFRɑ3/ARTN complexes showed that CRD2
is the main binding pocket of the respective ligands and highlighted the importance of CRD3
which is mainly involved in the stabilization of CRD2 (Parkash et al., 2008; Wang et al., 2006).
The quaternary structure between these ligands and receptors is similar and has conserved
ligand-receptor binding sites. However, the bend angle between the two monomers of GFL is
different, which eventually affects the ligand-receptor complex and further signaling of RET
(Parkash and Goldman, 2009; Parkash et al., 2008).

All the GFRɑ receptors, except one isoform of mammalian GFRɑ4, are bound to the plasma
membrane by a GPI anchor. It can be cleaved by phosphatidylinositol-specific phospholipase C
(PI-PLC) to release soluble receptors that can activate RET receptor tyrosine kinase in trans (Jing
et al., 1996; Treanor et al., 1996; Trupp et al., 1997). Later, Paratcha and colleagues showed that
soluble GFRɑ1 could be released by neuronal cells, Schwann cells, and an injured sciatic nerve
and activate RET in trans (Paratcha et al., 2001). GPI-anchored receptors are located in lipid rafts
which are thought to be highly specialized signaling organelles. Moreover, the GPI anchor is an
essential component of the GFRɑ1 receptor, which recruits RET to the lipid rafts upon GDNF
stimulation (Tansey et al., 2000). Interestingly, the disruption of RET translocation to lipid rafts
either by soluble or transmembrane GFRɑ1 still permits RET activation but attenuates the
physiologic functions of GDNF such as neuronal differentiation and survival (Morales, 2016;
Paratcha et al., 2001; Pierchala, 2006; Tansey et al., 2000; Tsui et al., 2015).
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Figure 1.4: Neurotrophic Factors and their Receptors. RET is the main signaling receptor for GFLs. Glial cell
line-derived neurotrophic factor (GDNF), neurturin (NRTN), artemin (ARTN), persephin (PSPN), and distant
member of GFL called Growth differentiation factor-15 (GDF15) bind to preferred co-receptors GFRɑ (1-4) and
transmembrane GDNF Family Receptor Alpha Like (GFRAL), respectively and then form complex with RET. The
activation of RET subsequently triggers the downstream signaling pathway activation, which is essential for
neuronal survival, regeneration, neuronal differentiation, and body weight control. GFLs can also signal through
NCAM and syndecan-3, contributing to cell migration and neurite outgrowth. (Study V). Figure modified from
publication V.

The expression of GFRɑs is developmentally regulated. There is the predominant expression of
the receptors at an embryonic stage, and in the mature animal, expression is more limited. GFRɑ
receptors are expressed complementary to the site where ligands are expressed. GFRɑ1 and
GFRɑ2 are expressed both in the nervous system but can also be found in the urogenital system,
the digestive system, the respiratory system, and in developing skin, bone, testis muscle, and
endocrine glands (Golden et al., 1998, 1999). The expression of GFRɑ3 is restricted to the
sympathetic nervous system and sensory ganglia (Baloh et al., 1998; Trupp et al., 1998a; Worby
et al., 1998). The high level of GFRɑ4 mRNA is seen in the intermediate lobe of the developing
and mature pituitary gland, thyroid gland, and testis. Moderate expression was seen in the
adrenal gland and in both developing and mature nervous systems (Lindahl et al., 2000).

The physiological and functional importance of the GFRɑ receptors was also studied by deleting
the specific genes in mice. Genetic ablation of GFRɑ1 results in the lack of enteric neurons and
kidneys. The phenotypic characteristics of these mice were similar to RET and GDNF-null mice.
However, there was no loss of dopamine and motor neurons, and also no neuronal loss was
observed in peripheral ganglia (Enomoto et al., 1998; Tomac et al., 1999). GFRɑ2 knock-out
mice were viable and fertile but had significant defects in parasympathetic cholinergic
innervation (Rossi et al., 1999). Knock-out of GFRɑ3 resulted in severe defects in the superior
cervical ganglion (SCG) (Nishino et al., 1999), while in GFRɑ4 knock-out mice, thyroid
calcitonin production is impaired, which leads to increased bone formation (Lindfors et al.,
2006).

GFRAL, a distant homolog of the GFRɑ family (Li et al., 2005), was identified as the
co-receptor for GDF15; they form a complex with RET. GDF15-GFRAL signaling via RET is
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thought to control body weight (Emmerson et al., 2017; Hsu et al., 2017; Mullican et al., 2017;
Yang et al., 2017). Differently from GFRɑ receptors, GFRAL is a transmembrane protein.

1.5.2 Rearranged During Transfection

RET is the main signal-transducing receptor for GDNF family ligands. RET was discovered in
1985 as an oncogene activated by DNA rearrangement (Takahashi et al., 1985). RET gene
encodes receptor tyrosine kinase and plays an important role in development. Both gain and loss
of function mutations are responsible for RET-associated diseases. The mutations resulting in
RET activation are associated with several human diseases such as papillary thyroid carcinoma,
multiple endocrine neoplasias THC type 2A and 2B, and medullary thyroid cancer. Similarly, the
mutations that inhibit RET activation are associated with Hirschsprung's disease. RET activation
by GFLs promotes the survival of dopamine, sensory, sympathetic, parasympathetic, enteric, and
motor neurons. In addition, RET signaling is essential for renal development and the regulation
of spermatogonial differentiation.

RET is expressed in different tissues in both embryonic stages and adulthood. RET's highest
expression level is observed early in development, and a low level of expression is found in
adults. RET is expressed primarily in the kidney and neural crest-derived cells (Attié-Bitach et
al., 1998; Avantaggiato et al., 1994; Pachnis et al., 1993). In the adult brain, the expression of
RET is restricted to the midbrain, sensory organs, and motor neurons (Kramer and Liss, 2015).
Outside the CNS, the expression of RET is also observed in the thyroid, gut, and liver
(Avantaggiato et al., 1994).

RET is a cell surface receptor with a cytoplasmic C-terminal tyrosine kinase domain. The
extracellular domain of RET contains several glycosylation sites. A fully glycosylated form of
RET (170 kDa) is present on the cell surface, while immature RET (150 kDa), which is partially
glycosylated, is present only in the ER (Takahashi et al., 1991, 1993). The extracellular domain
of RET contains a cadherin-related sequence that binds calcium ions (Ca2+) (Iwamoto et al.,
1993; Myers et al., 1995; Takahashi et al., 1988, 1989). Cadherins are transmembrane proteins
that mediate cell adhesion and play an important role in tissue morphogenesis and homeostasis
(Maître and Heisenberg, 2013).

RET consists of four cadherin-like domains (CLD 1-4) with a calcium-binding site between
CLD-2 and CLD-3, followed by a Cys-rich region of 120 residues which is connected to the
transmembrane domain (Figure 1.5) (Anders et al., 2001a). RET is a divergent member of the
cadherin superfamily (Nollet et al., 2000). CLD1-2 of RET differs significantly from classical
cadherin in terms of sequence and structure (Anders et al., 2001b; Kjær et al., 2010). Classical
cadherins are linear, while CLD1-2 of RET forms closed clamshell-like structures (Kjær et al.,
2010). The calcium-binding domain exists between CLD2 and CLD3, which is critical for proper
RET folding. Further, calcium ion binding to RET is thought to stabilize the conformation of the
extracellular domain of RET, which is important for ligand binding (Anders et al., 2001a;
Weering et al., 1998). Noteworthily, the CLD4 and Cys-rich region, which is present adjacent to
the transmembrane domain of RET, is indispensable for binding RET to the GFRɑ/GDNF
complex (Amoresano et al., 2005).

The single-pass transmembrane domain acts as a bridge between the extracellular and
intracellular domains of RET. The proposed role of the transmembrane domain is to contribute to
the self-assembly of RET, rendering its activation (Kjær et al., 2006). The intracellular domain of
RET consists of a juxtamembrane domain (50 residues), followed by a tyrosine kinase domain
and C-terminal tail (100 residues). The juxtamembrane domain harbors two tyrosine residues
(Tyr 660 and Tyr 687) (Liu et al., 1996) and Ser 696 (Fukuda et al., 2002).
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Dimerization of RET is necessary for ligand-induced receptor phosphorylation and activation.
The phosphorylation of RET can activate several intracellular signaling pathways such as
Ras/MAP kinase, PI3 kinase/AKT, and phospholipase C-γ (PLCγ). There are several tyrosine
residues that become phosphorylated and can serve as docking sites for downstream signaling
pathways. The activation loop of RET tyrosine kinase domain contains two tyrosine residues
(Tyr 900 and Tyr 905) which are known to be autophosphorylated and contribute to full kinase
activation (Knowles et al., 2006).

RET Tyr 981 serves as the primary binding site for the Src homology 2 domain of Src, thereby
activating Src kinase upon ligand stimulation (Encinas et al., 2004). Similarly, the
phosphorylation of Tyr 1015 can activate PLCγ (Borrello et al., 1996). Tyr 1062 and Tyr 1096
(present only in the long isoform of RET) are critical for most of RET functions. Phosphorylated
Tyr 1062 serves as the docking site for two adapter proteins FRS2 and Shc, leading to the
activation of Ras/MAP kinase and PI3 kinase/AKT pathways, respectively (Besset et al., 2000).
Interestingly, both of these adapters compete for binding to Tyr 1062. Shc bound to RET recruits
Grb2 and Gab1 which can activate both the Ras/MAP kinase pathway and PI3K/AKT pathway.
Similarly, FRS2 bound to RET recruits Grb2 only, suggesting that FRS2 is involved only in
activating Ras/MAP kinase pathway (Kurokawa et al., 2001). Furthermore, the interaction of
adapter protein to RET occurs in different compartments of the plasma membrane. FRS2
interacts with RET in lipid rafts, whereas the interaction of RET and Shc takes place outside the
lipid rafts, suggesting different signaling mechanisms of RET. Also, Src kinases are activated
exclusively in RET that is located in the lipid rafts (Paratcha et al., 2001). Tyr 1062 also serves
as the docking site for various Dok proteins ( Dok-1, -2, -3, -4, -5, and -6) via the
phosphotyrosine binding (PTB) domain and is thought to play an essential role in neuronal
differentiation (Crowder et al., 2004; Grimm et al., 2001; Kurotsuchi et al., 2010). The
phosphorylated Tyr 1096, present in the tail of a long RET isoform (RET51), can also recruit
Grb2 and activate PI3 kinase/AKT pathways (Besset et al., 2000). There can be differences in
GFL induced RET signalling compared to oncogenic RET signalling. For example, the activation
of the PLCγ pathway has been convincingly demonstrated only in oncogenic RET.

RET signaling is important for both renal organogenesis and enteric neurogenesis. RET
knockout mice die soon after birth due to impaired kidney development. RET knockout mice
also display loss of enteric neurons (Schuchardt et al., 1994). Moreover, RET deficiency leads to
the loss of sympathetic ganglia due to the failure of proper migration of its precursors (Durbec et
al., 1996; Enomoto et al., 2001). Further, to study the function of RET for the maintenance of
dopamine neurons in adult mice, two different labs generated conditional RET knockout mice.
The first laboratory did not observe any loss of dopamine neurons in RET-deficient mice until
8–12 months of age (Jain et al., 2006a). When mice were aged up to 2 years, the second
laboratory observed a significant loss of dopamine neurons in RET-deficient mice, indicating that
RET signaling is indispensable for the maintenance of adult dopamine neurons (Kramer et al.,
2007).

RET gene encodes 21 exons, and alternative splicing of intron 19 results in three distinct protein
isoforms, namely RET9, RET51, and RET43, which mainly differ in amino acid compositions in
their C-termini. All three isoforms are expressed in embryonic and adult tissues, with the highest
expression level seen for RET9 and RET51 (Ivanchuk et al., 1997; Myers et al., 1995; Tahira et
al., 1990). The role of RET9 and RET51 isoforms was studied in mice that expressed either of
these isoforms. Interestingly, mice expressing only RET9 were viable and displayed no
abnormalities, whereas mice expressing only RET51 died at the neonatal stage or when they
survived displayed severe growth retardation and kidney abnormalities (de Graaff et al., 2001).
In contrast to the previous results, Jain et al. reported that both RET9 and RET51 mice with

27



RET9 and RET51 isoforms are viable with normal kidney development. However, mutation of
docking Tyr 1015 from both RET9 and RET51 resulted in severe renal anomalies. Furthermore,
in mice with mutation of Tyr 1062 in RET9 but not in RET51, kidney development was impaired
(Jain et al., 2006b).

Figure 1.5: Structure of RET and Downstream Signaling. RET consists of four extracellular cadherin-like
domains and a cysteine-rich domain, followed by a transmembrane domain. The intracellular part consists of the
kinase domain, phosphorylated upon ligand activation. RET has three conserved evolutionary isoforms (RET9,
RET43, and RET51). The phosphorylation of tyrosine residues serves as the docking site for various adapters
required to activate downstream signaling pathways. Adapted from (Mahato and Sidorova, 2020).

1.5.3 Alternative Signaling Receptors for GDNF: NCAM and Syndecan-3

In addition to RET, two alternative signaling receptors for GFLs are neuronal cell adhesion
molecules (NCAM) (Paratcha et al., 2003) and syndecan-3 (Bespalov et al., 2011) (Figure 1.2).
NCAM is a very widely expressed protein and can affect various cellular events (Rutishauser et
al., 1988). There are three different isoforms of NCAM formed by the alternative splicing of a
single gene: NCAM-180, NCAM-140, and NCAM-120. The smallest isoform (NCAM-120) is
GPI-anchored in the membrane and is expressed predominantly in glial cells, whereas both of the
larger isoforms (NCAM-140 and NCAM-180) are transmembrane receptors and are expressed in
neurons (Jørgensen, 1995). GDNF has been shown to interact with NCAM-140 directly.
However, proximal signaling events such as the activation of Src-like kinases and MAP kinases,
which can regulate cell migration, synapse formation, and axonal growth, occur only in the
presence of the GFRɑ1 receptor (Ledda et al., 2007; Paratcha et al., 2003). In addition to
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NCAM-140, neurite outgrowth is also mediated by NCAM-180 (Nielsen et al., 2009).
Intriguingly, GFRɑ1 can directly interact with NCAM independent of GDNF. However, the
binding of GFRɑ1 to GDNF masks the homophilic cell-cell interaction, which is thought to play
an important role in regulating NCAM-mediated cell adhesion (Ibáñez, 2010). NRTN and ARTN
can also mediate their functions via NCAM independent of RET where they can induce
neuritogenesis and the sensitization of sensory neurons (Ilieva et al., 2019; Schmutzler et al.,
2011).

Syndecans include four proteins and belong to the family of transmembrane heparan sulphate
proteoglycans. All syndecans contain an extracellular domain, a transmembrane domain that
mediates the dimerization of the receptor, and a short cytoplasmic domain that lacks intrinsic
kinase property but provides a platform to interact with signaling proteins (Mitsou et al., 2017).
Extracellular domains of all syndecans contain heparan sulfate chains (HS). Syndecan-1 and
syndecan-3 contain ser-gly sequences near the plasma membrane that might be potential
attachment sites for chondroitin sulfate (CS) chains (Kokenyesi and Bernfield, 1994). The
expression of syndecans is developmentally regulated and also depends on different cell types.
Syndecan-1 is expressed in epithelial cells, whereas syndecan-2 is expressed in mesenchymal
cells, such as fibroblasts and smooth muscle. Syndecan-3 is expressed in neuronal cells and
developing musculoskeletal tissues. On the other hand, syndecan-4 is widely expressed in many
tissues (Afratis et al., 2017; Cheng et al., 2016). Syndecan-3 was identified to interact with all
GFLs except for persephin. GFL interaction with syndecan-3 leads to the activation of Src kinase
and promotes both cell spreading and neurite outgrowth of hippocampal neurons. Further, GDNF
signaling via syndecan-3 also contributes to the migration of cortical γ-aminobutyric acid
(GABA) producing neurons, which might be important for brain cortex development (Bespalov
et al., 2011).

1.6 Modeling of PD
The modeling of PD is a valuable tool for studying the disease mechanism and developing drugs
for PD treatment. PD is a very complex disease that is thought to be caused by different factors
such as environmental toxins, genetic mutations, and lifestyles (Dauer and Przedborski, 2003).
The current knowledge about the exact mechanism of neurodegeneration is incomplete.
Therefore, understanding the mechanism behind this multifaceted disease will also help to
develop treatments. Modeling PD is complicated because of the heterogeneous nature of PD
(Blesa and Przedborski, 2014). Currently, the available PD models can be categorized into two
main flavors: neurotoxin-based and the genetic models. The current models developed so far
may not recapitulate diseases occurring in humans because they do not resemble similar
neuropathological or behavioral phenotypes to humans (Airavaara et al., 2020; Blesa and
Przedborski, 2014; Konnova and Swanberg, 2018). However, the available models are essential
tools for studying the mechanism of disease progression and screening new drugs.

1.6.1 In Vitro PD Models

Immortalized cells such as human neuroblastoma cell lines SH-SY5Y, PC12, SK-N-MC9 have
been used to model PD. They can be used to study LB formation and for drug screening for PD
(Falkenburger et al., 2016; Sherer et al., 2002; Skibinski and Finkbeiner, 2011). There are several
advantages of using immortalized cells such as that they are easy to cultivate and can be easily
genetically manipulated. However, immortalized cells that are proliferating tumor cells are not
physiologically relevant to dopamine neurons from the midbrain. Primary dopamine neuronal
culture is an important tool for screening drugs before in vivo application. Primary dopamine
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neurons are prepared from E13.5 mouse or rat embryos and can be cultured in a dish. In our
laboratory, a micro island method in 96 well format for culturing primary embryonic dopamine
neurons was developed in order to increase the throughput of the assay e.g in drug screening
(Planken et al., 2010; Saarenpää et al., 2017). Three different approaches have been employed
for modeling events occurring in PD in primary dopamine neuronal culture.

First, the growth factor deprivation model is often used to test the survival-promoting effect of
drugs in cultured dopamine neurons. This method has been extensively used to test the
survival-promoting effect of neurotrophic factors in cultured dopamine neurons (Planken et al.,
2010; Saarenpää et al., 2017). Secondly, neurotoxin models can be used to address the ability of
test compounds to inhibit neurotoxin-induced cell damage. Most often dopamine neurons are
treated with 6-hydroxydopamine (6-OHDA) or with
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) metabolite-methyl-4-phenylpyridinium
(MPP+). These neurotoxins are selective to monoamine neurons and induce oxidative stress
(Lotharius et al., 1999; Wiemerslage et al., 2013). In vitro neurotoxin models are a very
cost-effective method to test the efficacy of a new drug with potential beneficial effects on PD.
In vitro toxins are useful for drug screening and allow the selection of promising compounds for
animal experiments. Thirdly, ɑ-synuclein preformed fibrils (PFFs) to induce α-synuclein
aggregates in the culture of dopamine neurons has been described in literature (Chmielarz et al.,
2020; Er et al., 2020). Interestingly, GDNF was tested in this model and was found to prevent
aggregate formation (Chmielarz et al., 2020).

1.6.2 In Vivo PD Models

In vivo models can be toxin-based or genetic. The most common toxins which are used to model
PD in vivo include 6-OHDA, rotenone, paraquat, and MPTP. The most common features of all
of these toxins include their ability to inhibit complex I of mitochondria and increase ROS
production. Neurotoxin models are an important tool for screening drugs. However, these models
do not reflect the physiological situation in the brain of PD patients.

6-OHDA rat model of PD has been extensively used for screening drugs since its discovery
(Ungerstedt, 1971a, 1971b; Ungerstedt and Arbuthnott, 1970). 6-OHDA is a catecholaminergic
neurotoxin and is a structural analog of dopamine and noradrenaline. 6-OHDA cannot cross the
BBB. Therefore, it is administered directly to SNpc, dorsal striatum, or medial forebrain bundle
(MFB) to induce neurodegeneration. Both dopaminergic and noradrenergic neurons can take up
6-OHDA. It is often given with an adrenaline transporter blocker to prevent the uptake by
adrenaline transporter and increase the selectivity of the toxin towards dopamine neurons
(Airavaara et al., 2020). Unilateral injection of 6-OHDA to the substantia nigra/MFB produces
severe lesions and rapid cell death. However, a mild lesion is obtained if the toxin is injected into
the striatum. 6-OHDA can be injected only into one brain hemisphere (unilateral modes) and in
such cases, the non-lesioned side can be used as an internal control. In addition, the unilateral
injection causes asymmetric motor deficits, which can be assessed during behavioral tests such
as D-amphetamine and apomorphine or cylinder test (no drug is used in this test) (Airavaara et
al., 2020; Dauer and Przedborski, 2003; Penttinen et al., 2016; Voutilainen et al., 2017).

MPTP-induced degeneration of dopamine neurons is considered the gold standard PD model.
MPTP can easily cross through the BBB and is metabolized to the active form MPP+ by
MAO-B. MPP+ can be taken up by dopamine neurons through DAT, eventually leading to the
degeneration of dopamine neurons. The neurotoxicity of dopamine neurons depends on several
factors such as species, strain, gender, and weight (Sundström and Samuelsson, 1997). Among
rodents, mice are more susceptible than rats to MPTP neurotoxicity, which might be due to
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differences in the metabolism of MPTP (Schmidt and Ferger, 2001; Zimmer and Geneser, 1987).
In addition, one should also be very careful in selecting mice strains as MPTP gives robust
phenotypes in C57Bl6 mice, but the toxicity of MPTP is more variable in other strains
(Airavaara et al., 2020). The toxicity of MPTP also depends on the dosing regimen and the route
of administration. The most preferred route of administration is subcutaneous or intraperitoneal,
and the popular dosing regimens among the researchers are acute and chronic (Bové and Perier,
2012). In the acute regimen, four injections are given at a 20 mg/kg dose with two-hour intervals
between injections. This regimen produces a severe lesion with the loss of around 70 %
dopamine neurons and a 90 % reduction in striatal dopamine levels (Bové and Perier, 2012;
Jackson-Lewis et al., 1995). In contrast, MPTP is given every 3.5 days for five weeks in a
chronic regimen together with probenecid which reduces the metabolism of MPTP. There are
progressive behavioral changes in the mice with moderate dopamine neuron loss (Petroske et al.,
2001). In addition to acute and chronic dosing regimen, a subchronic MPTP model has also been
described in literature where MPTP is administered for five consecutive days in the interval of
24 hours to produce a significant loss of dopamine neurons (Kowsky et al., 2007). Besides,
continuous administration of MPTP also induces the formation of ɑ-synuclein-positive
inclusions in the substantia nigra (Fornai et al., 2005).

PD is not only caused by environmental toxins or lifestyles, but genetic defects are also
responsible for the pathogenesis of PD. However, the genetic causes of PD only represent around
10 % of total PD cases. PD is complex, and there are many facets related to this disease.
Therefore, genetic animal models of PD are advantageous for understanding the disease's
pathogenesis. In general, many genetic disease models have been made in animals either by
mutations or by overexpressing genes. ɑ-synuclein has been at the center of attraction because it
is the main component of Lewy bodies in PD patients (Spillantini et al., 1998). Surprisingly,
knocking out of ɑ-synuclein did not cause degeneration of dopamine neurons (Abeliovich et al.,
2000). Attempts have also been made to model PD by overexpressing either wild-type or
mutated ɑ-synuclein, as a high concentration of this protein is found in Lewy bodies. The
overexpression of either wild type or mutant ɑ-synuclein using viral vectors induces cell loss,
behavioral impairment, and the aggregation of α-synuclein in dopaminergic neurons,
recapitulating key features of human PD (Abeliovich et al., 2000; Visanji et al., 2016). However,
the reproducibility of overexpression is questionable and lacks validity as a disease model of
sporadic disease (Airavaara et al., 2020; Albert et al., 2019). Furthermore, a preformed
ɑ-synuclein fibrils model was developed in which a misfolded insoluble form of α-synuclein can
be inoculated in the brains of animals. The insoluble form of α-synuclein can recruit endogenous
α-synuclein, form aggregates, and spread from neuron to neuron. The model is characterized by
the loss of TH-positive neurons and impairment of motor behavior (Luk et al., 2012). The
combination of the overexpression of ɑ-synuclein and injecting PFFs leads to the progressive
loss of dopamine neurons and decreased striatal dopamine level accompanied by impaired motor
function (Thakur et al., 2017). The combination approach is becoming more attractive because
the disease phenotypes develop in a shorter time frame, making this model more suitable for
testing new drug candidates. The etiological models are gaining more popularity because they
recapitulate many facets of disease phenotypes. For example, the MitoPark mouse PD model was
developed by selectively removing mitochondrial transcription factor Tfam from dopamine
neurons. This model recapitulates the slow and progressive degeneration of dopamine neurons
(Galter et al., 2010). Recently, the deletion of the Ndufs2 subunit of mitochondrial complex I
resulted in progressive loss of dopamine neurons: in this model, axons were the first to
degenerate, accompanied by motor dysfunction (González-Rodríguez et al., 2021). Netrin-1,
which is a laminin-related secreted protein, is significantly decreased in brain samples of
postmortem PD patients. Netrin-1 has been shown to promote cell survival (Furne et al., 2008;
Tang et al., 2008). However, its role in CNS is not studied well. Silencing netrin-1 in the SN of
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adult mice caused significant loss of dopamine neurons, resulting in impaired motor functions
(Jasmin et al., 2021). The study highlights the possibility of a new drug target in PD.

1.7 Preclinical Studies of Neurotrophic Factors in the PD Models
The functions of GFLs have been studied in great detail in different preclinical PD models since
their discovery. GDNF and NRTN potently support the survival of both developing as well as
injured dopamine neurons (Bowenkamp et al., 1995; Horger et al., 1998; Hou et al., 1996;
Kramer et al., 1999; Lin et al., 1993; Runeberg-Roos et al., 2016; Saarenpää et al., 2017),
presumably reducing apoptosis of these cells (Clarkson et al., 1995, 1997). In addition, both
ARTN and PSPN have been shown to promote the survival of cultured dopamine neurons
(Milbrandt et al., 1998; Rosenblad et al., 2000; Zihlmann et al., 2005). However, comparative
studies on the survival-promoting effect of GFLs in cultured dopamine neurons identify that the
potency of GDNF, NRTN, and ARTN are comparable (Akerud et al., 1999; Zihlmann et al.,
2005). In contrast, PSPN was demonstrated to be less potent in promoting the survival of
cultured dopamine neurons (Zihlmann et al., 2005).

These observations from the experiments with cultured dopamine neurons led to the immediate
testing of the effects of GDNF and NRTN in PD animal models. The remarkable neuroprotective
and neurorestorative effect of GDNF and NRTN was observed in various toxin-based models of
PD in rodents and primates (Beck et al., 1995; Bowenkamp et al., 1995; Gash et al., 1996;
Hudson et al., 1995; Kirik et al., 2000a; Kordower et al., 2000; Oiwa et al., 2002;
Runeberg-Roos et al., 2016; Sauer et al., 1995; Shingo et al., 2002; Tomac et al., 1995a). It was
shown that GDNF administration in substantia nigra only protected dopamine neuron cell bodies,
but no functional recovery or regeneration of the striatal fibers was observed. In contrast, GDNF
injection to the striatum promoted functional recovery, significantly protected dopamine neuron
cell bodies, and triggered the regeneration of dopamine fibers in the striatum, suggesting GDNF
as a target-derived factor for dopamine neurons (Kirik et al., 2000a, 2000b; Tomac et al., 1995a).
Interestingly, it has been demonstrated that GDNF is retrogradely transported to the dopamine
nerve cell bodies of substantia nigra, which suggest that the potency of GDNF depends on the
site of administration (Tomac et al., 1995b). In addition to GDNF, the overexpression of ARTN
and PSPN in the striatum and substantia nigra of mice through lentiviral gene transfer or neural
stem cell delivery prevents the degeneration of dopamine neurons (Rosenblad et al. 2000;
Åkerud et al. 2002; Yin et al. 2014).

GDNF can also influence dopamine synthesis and metabolism apart from survival-promoting
effects on dopamine neurons. The administration of GDNF to the midbrain can also bring
substantial changes in biochemical parameters by directly altering dopamine synthesis. In the
study of Lin et al., the authors observed a 2.5-to-3-fold increase in dopamine uptake per TH
neuron in the presence of GDNF (Lin et al., 1993). GDNF increased the TH activity by
phosphorylating Ser-31 and Ser-40, which enhanced the dopamine synthesis both in vitro and in
vivo (Kobori et al., 2004; Salvatore et al., 2004). Intracranial administration of GDNF has been
shown to increase dopamine levels and turnover, suggesting that GDNF can increase the
functional activity of dopamine neurons (Beck et al., 1996; Hudson et al., 1995; Martin et al.,
1996). Recently, it was shown that two-fold overexpression of GDNF from the native locus
produced a substantial increase in the level of dopamine, supporting the previous findings
(Kumar et al., 2015; Turconi et al., 2020). The administration of GDNF also significantly
enhanced the stimulus-evoked release of dopamine which was measured by microdialysis
(Hebert et al., 1996; Hoffman et al., 1997). Furthermore, GDNF overexpression from the native
locus also enhanced the dopamine release in the striatum after amphetamine administration and
increased DAT activity (Kumar et al., 2015).
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1.8 Clinical Studies of Neurotrophic Factors in PD Patients
Several human studies have been conducted to translate the neuroprotective and neurorestorative
effects of GFLs from preclinical studies. GFLs do not cross the blood-brain barrier; therefore, the
proteins were delivered directly to the brain using complex surgery in PD patients.

The first randomized phase I/II, double-blind, placebo-controlled trial was conducted to assess
the safety, tolerability, and biological activity of GDNF in advanced PD patients. GDNF was
administered by intracerebroventricular (ICV) injection and showed no improvement in PD
symptoms, possibly because GDNF failed to reach the target tissues. The GDNF treatment at
high doses caused side effects such as nausea, anorexia, weight loss, vomiting, and paraesthesia
(Nutt et al., 2003). In subsequent phase I/II clinical trials, intraputamenal delivery of GDNF was
found to be safe and improved off-medication motor sub-score and increased [18F]DOPA uptake
in the brains of PD patients (Gill et al., 2003; Slevin et al., 2005). However, in phase II
randomized controlled trial, the continuous infusion of GDNF failed to improve the
off-medication Unified Parkinson Disease Rating Scale (UPDRS motor score) in PD patients,
despite increased [18F]DOPA uptake in the putamen (Lang et al., 2006). The failure might be due
to different factors which could limit the efficacy of GDNF. Particularly, different delivery
protocols and catheters used by Lang et. were considered the main factors that resulted in the
poor distribution of GDNF into tissues (Salvatore et al., 2006). Importantly, striatal delivery of
GDNF in rhesus monkeys using the same pump and catheter as the ones used by Lang et al.
resulted in the accumulation of GDNF around catheter tips. This indicates that the bioavailability
of GDNF may have been limited to 2-9% of the human putamen (Salvatore et al., 2006).
Furthermore, it is speculated that differences in the GDNF dose, patient selection, as well GDNF
delivery system might have contributed to the failure of the clinical trial (Barker et al., 2020). In
the third randomized placebo-controlled phase II study, intermittent intraputamenal enabled
convection-enhanced (CED) delivery was introduced to produce better volume distribution of
GDNF. However, the study failed to reach the primary endpoint assessed by the OFF state
UPDRS motor score. Nevertheless, all GDNF-treated patients had increased 18F-DOPA uptake,
and also 43 % of them showed clinically significant motor improvement in post hoc analysis
(Whone et al., 2019a, 2019b). Importantly, no side effects were observed.

The continuous long-term administration of recombinant protein is always concerned with the
potential stability and bioavailability of the protein. Therefore, the continuous expression of
biologically active GDNF or NRTN can be achieved by gene therapy. The first phase I, an
open-label study, was conducted by Ceregene Inc. using the adeno-associated virus serotype
2-NRTN (CERE-120). The delivery of CERE-120 to putamen was safe and well-tolerated with
clinically no significant adverse events. It improved the off-medication motor subscore of the
UPDRS by 36% compared to the baseline score (Marks et al., 2008). These encouraging results
led to the multicenter, double-blinded phase II randomized trial in which AAV2-NRTN was
injected bilaterally into the putamen or sham surgery was performed. However, there was no
significant difference in the primary endpoint assessed using the UPDRS motor score. However,
post hoc analysis suggested small benefits after 18 months of AAV2-NRTN treatment (Marks et
al., 2010). Histological data from the PD patients showed increased expression of NRTN at the
injection sites but limited in the nigral neurons, suggesting impaired axonal transport in the
advanced PD patients (Marks et al., 2010). Furthermore, the distribution of NRTN in the
putamen of PD patients was comparable to that of the nonhuman primate PD model. However,
the expression of NRTN in nigra was less in PD patients than observed in the animal model with
similar expression in the striatum. The discrepancy is because of transport deficiency in
advanced PD patients (Bartus et al., 2011). Based on these data, a second phase II, randomized,
double-blind trial was undertaken with bilateral AAV2-NRTN injection into both the substantia
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nigra and putamen. However, no significant differences were seen in the primary endpoint
between the treatment and sham-operated groups assessed using the UPDRS motor score
(Warren Olanow et al., 2015). Recently, post-mortem studies on two patients with advanced
Parkinson’s disease after 8 and 10 years following AAV2-NRTN (CERE120) gene therapy
provided the longest-term evidence of persistent transgene expression both in the putamen and
substantia nigra. The study also showed intense tyrosine hydroxylase and RET receptor
expression in nigral neurons in the patient where CERE120 was delivered directly to nigra.
However, due to limited NRTN expression, the changes were not associated with
antiparkinsonian effects (Chu et al., 2020). Following the NRTN clinical trial, the phase I
AAV2-GDNF study was conducted with advanced PD patients with some modifications to the
methods, which allowed an increase in the infusion volume. The treatment was well tolerated
with no severe side effects. Increased [18F]DOPA uptake was observed. Despite changes in the
delivery system, the average putaminal volumetric coverage was much less than anticipated
(Heiss et al., 2019).

1.9 Factors Associated with Failure of GFL Clinical Trials and its
Clinical Limitation in PD Patients
Although both GDNF and NRTN showed beneficial effects in the moderate lesion neurotoxin
model of PD (described above), their clinical translation is still questionable. Therefore, the use
of GDNF in the treatment of PD either as protein or as gene therapy is disputed. There might be
several contributing factors to the failure of clinical trials. GFLs are very sticky proteins that bind
to heparan sulfate proteoglycans, limiting biodistribution and bioavailability (Bespalov et al.,
2011). Further, the human clinical trial dose is calculated based on preclinical models. Therefore,
the dosing of GDNF in the PD patients might not be optimum to observe the significant benefit
of GDNF (Kirkeby and Barker, 2019). A bi-phasic dose-response curve is observed with GDNF
in cultured dopamine neurons (Hou et al., 1996). The bi-phasic dose-response curve with growth
factors (GF) suggests that low concentrations of GF might not be sufficient to produce a
beneficial effect, whereas, at higher concentrations, it may have inhibitory effects by
dephosphorylating the activated receptors (Yadav et al., 2020). Therefore, the physiological dose
of GDNF should be administered to observe its significant effect.

GFLs do not cross through the BBB. Therefore, they should be delivered into the brain with the
help of intracranial surgery. Therefore, only moderate to advanced-stage PD patients are selected
for the clinical trials due to ethical constraints. Advanced stage patients would have fewer or
very little dopamine neurons left to rescue (Kordower et al., 2013). In addition, they might have
impaired axonal transport due to degeneration or severe defect in dopamine terminals, hindering
the retrograde transport of GFLs. In the study conducted by Ceregene, greater benefits of NRTN
were observed in the early stage PD patients, which supports the idea that GFL therapy might be
effective in less advanced stage PD patients (Olanow et al., 2015; Sidorova and Saarma, 2016).

1.10 Improving Therapeutic Potential of GFLs
The therapeutic potential of GFLs has been evaluated in pre-clinical and clinical studies, as
described above. The promising outcomes from preclinical studies have been masked due to the
ineffectiveness of GFLs in human clinical studies. However, several approaches might help
improve clinical translation perspectives for GFLs. The spreading of GDNF and NRTN in tissues
after delivery is limited due to their high affinity to heparan sulfate proteoglycans. The truncated
version of GDNF and mutant forms of NRTN, which lack potential heparin-binding sites, have
been developed to solve this issue. The tissue distribution of these truncated GDNF and NRTN
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mutants was significantly increased compared to their native versions. Mutated proteins retained
their biological activity (Piltonen et al., 2009; Runeberg-Roos et al., 2016). In the
6-hydroxydopamine rat model of Parkinson’s disease, mutated NRTN improved the conditions of
the diseased rat and was more effective than native GDNF (Runeberg-Roos et al., 2016). In
contrast, truncated GDNF was not as effective as native GDNF in vivo (Piltonen et al., 2009).

GFLs are delivered to the brain by direct intracranial surgery as these proteins do not cross
through the BBB. Moreover, due to the need for complicated brain surgery, only advanced-stage
patients are recruited for the clinical trial because of ethical reasons. GDNF and NRTN have
been ineffective in these late-stage PD patients. Different approaches have been utilized to solve
this issue. GDNF fusion proteins have been generated using HIV-1-Tat-derived cell-penetrating
peptide (Tat-GDNF) and chimeric monoclonal antibody against the mouse transferrin receptor
(cTfRMAb-GDNF). Both of these fusion proteins could penetrate through the BBB and were
well tolerated by the mice (Dietz et al., 2006; Zhou et al., 2010). cTfRMAb-GDNF, when
injected intravenously in the 6-OHDA mouse model of PD, improved motor function and
increased tyrosine hydroxylase (TH) enzyme activity (Fu et al., 2010). However, chronic
infusion of cTfRMAb-GDNF led to the development of antibodies against TfRMAb, but not
against GDNF itself (Zhou et al., 2011). In contrast to cTfRMAb-GDNF fusion proteins,
Tat-GDNF did not provide neuroprotection for dopaminergic neurons in the MPTP mouse model
of PD (Dietz et al., 2006). So far, no further improvement or development of a better fusion
protein for the effective delivery of GDNF to the brain has been reported.

Lately, the intranasal route has been suggested as an alternative route for the administration of
drugs directly to the central nervous system. Plasmid DNA nanoparticles (NPs) encoding human
GDNF (pGDNF NPs) were administered to the brain via the intranasal route to induce GDNF
expression in the brain. In the 6-OHDA model of PD, pGDNF NPs could alleviate motor deficits
and protect dopamine neurons in the lesioned striatum (Aly et al., 2019). In addition, GDNF
protein encapsulated in a chitosan-coated nanostructured lipid carrier, when delivered via the
intranasal route, has been shown to improve motor function and protect dopamine neurons from
neurotoxin-induced cell death. These pGDNF NPs and encapsulated GDNF represent alternative
ways of delivering GDNF to the brain that can offer promising therapeutic strategies for the
treatment of PD (Gartziandia et al., 2016; Hernando et al., 2018). Furthermore, the
proof-of-concept focused ultrasound (FUS) in conjunction with microbubbles (MB) was tested
as an alternative non-invasive way of administration of GFLs (Fan et al., 2016; Samiotaki et al.,
2015). FUS allowed transient gene permeation and induced local GFLs expression. Moreover,
GDNFp-cMBs and FUS exposure restore GDNF concentration and improve Parkinson’s
disease-related symptoms in the 6-OHDA rat model of PD (Fan et al., 2016). These approaches
mentioned above partially solved the issues with intracranial delivery. However, tissue
distribution and transportation of GDNF from the striatum to nigra when administered using
these approaches is unclear.

1.11 Nanocarriers as Emerging Tools to Enhance Solubility and
Pharmacokinetic Properties of Drugs
As mentioned above, particle-based therapeutic delivery systems have been applied for the
efficient delivery of GDNF to the brain. The nanoparticle-based approach is also gaining
considerable attention because it can enhance the solubility of poorly water-soluble drugs and
improve the pharmacokinetic and pharmacodynamics properties of drugs (Kumar et al., 2012).
Nanoparticles are generally <100 nm in size, having a relatively larger surface area to bind,
adsorb, and carry drugs (Khan et al., 2019). There are various types of nanoparticles depending
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upon the material used for delivery such as polymer-based, lipid-based, and lipid polymer hybrid
nanoparticles (Khan et al., 2019; Kumar et al., 2012). In this dissertation, we have used
polymer-based nanocarriers to enhance the solubility of GFL receptor agonists and increase their
pharmacokinetic properties.

Polymeric nanoparticles are extensively employed as biomaterials because they are
biocompatible and biodegradable. Additionally, they are well tolerated and have very low
toxicity and immunogenicity (Hwang et al., 2020; Luxenhofer et al., 2012). The most common
polymers are poly(-L-lysine), poly(ethyleneimine), poly(lactic acid), poly(glutaric acid),
poly(vinyl pyrrolidone), and poly(ethylene glycol) (PEG) (Simon et al., 2020). PEG-based
materials are considered the gold standard polymer for drug delivery. However, due to several
drawbacks of PEG-based materials, such as non-biodegradability and immunogenicity,
poly(2-oxazoline)s (POx) is considered an alternative to PEG (Zahoranová and Luxenhofer,
2021). Polymer micelles are nano-sized assemblies formed by amphiphilic block copolymers in
ionic liquids, as in water and organic solvents. Here, insoluble drugs are encapsulated in the
hydrophobic core-shell structure of copolymers. POx-based polymers are gaining more attention
because they have the high drug-loading capacity (Luxenhofer et al., 2012), exhibit low
cytotoxicity and immunogenicity (He et al., 2016), and are well-tolerated in vivo (Gaertner et al.,
2007; He et al., 2015; Sedlacek and Hoogenboom, 2020). Moreover, the therapeutic potential of
various drugs or drug combinations has been shown to improve with the help of POx-based
polymer delivery systems (He et al., 2016; Hwang et al., 2021; Wan et al., 2018, 2019).

1.12 Attempts of Developing GDNF Mimetics and RET Agonists
Despite the undoubted potential of GDNF, the shortcomings mentioned above make it
cumbersome for the treatment of Parkinson’s disease. In this regard, developing small molecules
targeting receptors involved in neurogenesis and neuronal regeneration would have potential
significance in clinics. Attempts to develop GDNF mimetics were started by Japanese scientists
in 2003. They reported the first nonpeptidyl molecule, XIB4035, which can bind to GFRɑ1,
activate RET, and promote neurite outgrowth in Neuro-2A cells (Tokugawa et al., 2003).
However, further studies revealed that XIB4035 is not a GFRɑ1 agonist, but its presence can
potentiate the action of endogenous GFLs. Nevertheless, another group reported that the topical
application of this compound was effective in treating small fiber neuropathy (SFN) (Hedstrom
et al., 2014). A novel family of BT series compounds (BT13, BT18) has been described to
activate RET receptors and downstream signaling in immortalized cells (Bespalov et al., 2016;
Sidorova et al., 2017). Additionally, BT13 promotes neurite outgrowth from sensory neurons
(Sidorova et al., 2017), and these compounds alleviate neuropathic pain in a rat model (Bespalov
et al., 2016; Sidorova et al., 2017). However, before my work, BT compounds were not fully
tested in the dopamine system, which is the primary objective of my dissertation. Recently, two
more molecules named compound 8 and Q525 have been described to activate RET receptor and
its downstream signaling, which eventually prevents photoreceptor neuron loss ex vivo in a
mouse model of retinitis pigmentosa (Jmaeff et al., 2020a, 2020b). However, XIB4035,
compound 8, and Q525 have not been tested in PD models.
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2 STATEMENT OF RESEARCH QUESTIONS
Despite intensive research, neurorestorative or neuroprotective treatment for PD has remained
undiscovered. GDNF is a promising protein that halts neurodegeneration. However, its clinical
use produced inconclusive results and failed to provide a potential clinical translation. The main
aim of this thesis was to evaluate the biological effects of the GFL receptor small molecule
agonists (BT13 and BT44) in the dopamine system as an alternative to GDNF protein for clinical
translation.

The specific aims of the study were to
1. Characterize the biological activity of GFL receptor agonists to activate RET in

immortalized cells (Studies I, II, and IV).
2. Study the survival-promoting effect of GFL receptor agonists in näive as well as

6-OHDA and MPP+-challenged dopamine neurons (Studies I, II, and IV).
3. Study the impact of GFL receptor agonists on striatal dopamine release and the

neurorestorative effects of BT44 in the 6-OHDA model of PD (Studies I, and II).
4. Study the selectivity of GFL receptor agonists towards RET (Studies I, II, and III).
5. Improve the solubility and pharmacokinetics of BT44 with the help of nanonization

(Study IV).
6. Characterize the biological activity and receptor binding properties of nanoformulated

BT44 (Study IV).
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3 MATERIALS AND METHODS
This part of my thesis includes a short description of the materials and methods used in the
original publications.

MATERIALS

Cell lines

Cell lines Description Source Study used in

MG87RET cells MG87RET murine
fibroblasts stably
transfected with RET
oncogene

(Eketjäll et al., 1999) I, II, III, IV

Human
GFRɑ1-expressing
MG87RET cells
(StratαLUCcells)

MG87RET stably
transfected with
PathDetect Elk-1 and
GFRɑ1

(Sidorova et al., 2010) I, IV

Human MG87RET
cells (NOstratα)

MG87RET stably
transfected with
PathDetect Elk-1

(Sidorova et al., 2010) I

MG87 TrkB receptor MG87TrkB stably
transfected with
PathDetect Elk-1

(Sidorova et al., 2010) II

Antibody

Antibody Type Manufacturer Study used in

Anti-phosphotyrosine
clone 4G10

Mouse Monoclonal Merck Millipore
#05-321

I, II, III, IV

anti-RET Goat Polyclonal R&DSystems
#AF1486

I, II, III, IV

anti-RET C-20 Goat Polyclonal Santa Cruz
Biotechnology #
sc-1290

I, II, III, IV

anti-pAKT Rabbit Polyclonal Cell Signaling
Technology #9271L

I, II

anti-pERK Mouse Polyclonal Santa Cruz
Biotechnology
#Sc-7383

I, II
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anti-AKT Rabbit Polyclonal Cell Signaling
Technology #9272S

I

anti-ERK Rabbit Polyclonal Santa Cruz
Biotechnology
#Sc-94

I

anti-pERK Rabbit Monoclonal Cell Signaling
Technology #4370L

I

anti-tyrosine
hydroxylase

Mouse Monoclonal Merck Millipore
#MAB318

I, II, III, IV

anti-γ-aminobutyric
acid (GABA)

Rabbit Polyclonal Chemicon/Merck
#ABN131

I

anti-phospho-ribosomal
protein S6

Rabbit Monoclonal Cell Signaling
Technology #3787L

I

anti-pY905Ret Rabbit Monoclonal A kind gift of Dr.
Brian Pierchala

II

anti-pY1015Ret Rabbit Monoclonal A kind gift of Dr.
Brian Pierchala

II

anti-pY1062Ret Rabbit Monoclonal A kind gift of Dr.
Brian Pierchala

II

anti-pY1096Ret Rabbit Monoclonal A kind gift of Dr.
Brian Pierchala

II

anti-GAPDH Mouse Monoclonal Merck Millipore
#MAB374

I, II
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Recombinant proteins

Recombinant
proteins

Description Manufacturer Study used in

Human recombinant
GDNF (hGDNF)

Purified by
ion-exchange
chromatography and
gel-filtration from
serum-free CHO
growth media

Icosagen #P-103-100 I, II, III, IV

hGDNF Human recombinant
from E.coli

PeproTech #450-10 I, II

FGF-2 FGF-2/FGF-basic,
human recombinant
from E.coli

Bio-Vision #4037-50 I

Human recombinant
neurturin (hNRTN)

Human recombinant
neurotrophic factor
from E. coli

PeproTech, USA, #
450-11

I, II

BDNF BDNF produced in E.
coli.

PeproTech, USA, #
450-02

II, II

GFL receptor agonists

First Generation GFL receptor agonist: BT13. BT stands for Baltic Technology. The chemical
name:
(N,N-diethyl-3-(4-(4-fluoro-2-(trifluoromethyl)benzoyl)piperazin-1-yl)-4-methoxy-benzensulfon
amide), MW 517.54 g/mol (study I)

Second Generation GFL receptor agonist: BT44 which is the derivative of parental compound
BT13. The chemical name:
(4-5-((3,4-dihydroisoquinolin-2(1H)-yl)sulfonyl)-2-methoxyphenyl)piperazin-1-yl
(4-fluoro-2-(trifluoromethyl)phenyl)methanone,  MW: 577.59 (study II, III, IV).
The synthesis BT13 and BT44 were ordered from EvoBlocks Ltd. (Hungary). The purity was
determined by high-performance liquid chromatography (HPLC) and mass spectrometry. The
structures of both the compounds were verified by NMR spectrometry.
In study IV, Poly(2-oxazoline)s (POx) polymers were used to prepare the nanoformulation of
BT44 to increase the solubility and efficacy.

Experimental animals

The experiments with mice were carried out in accordance with the 3R principle and European
community guidelines. The Laboratory Animal Center, University of Helsinki (license number
KEK15-022) approved mice to use for primary neuronal cultures.

40



Methods

A detailed description of the methods can be found in the original publications and their
supplementary materials. The methods which the author carried out are marked with an asterisk.

Methods Study used in

Cell culturing and transfection* I, II, III, IV

Immunoblotting* I, II, III, IV

Primary neuronal culturing* I, II, III, IV

Luciferase assay* I, II, III, IV

Microscale thermophoresis (Binding assays)* IV

125I-GDNF displacement assay* IV

Ret phosphorylation assays* I, II, IV

Immunoprecipitation* I, II, III, IV

Behavioral assays* II, IV

Tissue collection and processing* II, IV

Microscopy and cell counting* I, II, IV

Western blotting* I, II, III, IV

Statistical analysis* I, II, IV

Tissue processing* II, IV

Stereotactic injections II

Dopamine and its metabolites measurement I, II

Monomer and polymer synthesis IV

Drug formulation IV

Brief description of methods

Luciferase assay

Luciferase assay was performed to check the ability of small molecules to activate intracellular
signaling pathways (Akt and Erk). Reporter cells (200 000 cells/ml) were plated in 96-well tissue
culture plates in cell culture media (DMEM supplemented with 10 % fetal bovine serum (FBS),
15 mM HEPES pH 7.2, 1 % DMSO, 100 μg/ml normocin) a day before the experiment. The
next day, RET agonists and target proteins (GDNF, FGF2) were applied at desired
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concentrations. After 24 hours, the cells were lysed and luciferase activity was measured using
neolite reagent (PerkinElmer, USA). Luminescence was detected using FLUOstar OPTIMA
microplate reader (BMG LABTECH) or Victor3 multilabel plate counter (Perkin Elmer).

Phosphorylation assays

MG87RET cells were cultured in 6-well plates overnight. Cells were transfected with the
respective plasmids (hGFRα1, hGFRα2, and GFP) using Lipofectamine 2000 (Invitrogen). The
next day, cells were starved for 4 hours and then stimulated by RET agonists and proteins
(GDNF, NRTN) for 15 minutes. Cells were lysed with RIPA-modified buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 % NP-40, 1 % TX-100, 10 % glycerol, EDTA-free
protease inhibitor cocktail (Roche, Switzerland), 1 mM Na3VO4, 6 mM sodium deoxycholate, 1
mM PMSF).

For the analysis of pERK and pAKT, the cell lysates were mixed with Laemmli buffer, and
samples were resolved on a 12 % sodium dodecyl sulfate-polyacrylamide gel SDS-PAGE.
Further, proteins were electro-transferred onto nitrocellulose membranes and the level of
phosphorylation of ERK and AKT was detected with specific antibodies. To confirm equal
loading of proteins in all wells, membranes were reprobed with antibodies against GAPDH.

For the analysis of RET phosphorylation, lysates were immunoprecipitated using anti-RET
antibody and Dynabeads Protein G (Thermo Fisher Scientific) and analyzed by western blotting
for the level of pRET. To confirm equal loading of proteins in all wells, membranes were
reprobed with antibodies against RET.

RET-ELISA

RET-ELISA was performed in OptiPlate 96 F HB (Wallac). The assay plates were coated with an
anti-RET antibody overnight. The plates were washed several times with PBS. Cell lysates were
added overnight, plates were washed, and incubated with phospho-tyrosine-specific antibodies
for one hour. Further, plates were incubated with HRP-conjugated anti-mouse secondary
antibodies and washed, afterwards SuperSignal West Femto Maximum Sensitivity Substrate was
added to the plates. Luminescence was measured using FLUOstar OPTIMA microplate reader
(BMG LABTECH).

Survival of naïve dopamine neurons

E13.5 NMRI mice embryos were used for the isolation of dopamine neurons. The tissues from
midbrain were dissected in Dulbecco’s medium (0.1 g/l MgCl2•6H2O, 0.1 g/l CaCl2, 8 g/l NaCl,
0.2 g/l KCl, 1.4 g/l Na2HPO4•2H2O, 0.2 g/l KH2PO4) containing 2 % BSA. The cells were
trypsinized for 20 minutes, triturated with a siliconized glass Pasteur pipette, and washed several
times with primary neuron culture medium (Dulbecco’s MEM/Nut mix F12, 1xN2 serum
supplement, 33 mM D-glucose, 0.5 mM L-glutamine, and 100 μg/ml Primocin) to remove the
traces of serum. The cells were pelleted, and 30000 cells were plated in the primary neuron
culture medium. Finally, desired concentrations of RET agonists or GDNF were added to the
cells within 1 hour of post-plating. Half of the media were replaced with the same concentration
after 2.5 days post-plating. After 5 days of incubation, the cells were fixed and subjected to
immunocytochemistry.

For the analysis of pERK, pS6, and pAKT levels, dopamine neurons were cultured on coverslips
coated with poly-DL-ornithine for 48 hours. The cells were starved and treated with BT13 or
GDNF for 5 minutes for ERK and 1 hour for AKT activation. The cells were fixed and subjected
to immunocytochemistry.
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In vitro neurotoxin model of PD

Both 6-OHDA and MPP+ neurotoxins were used for the in vitro neurotoxin model of PD.
Dopamine neurons were cultured for 5 days in dopamine culture media. The next day, cells were
challenged with 6-OHDA for 72 hours or MPP+ for 48 hours. RET agonists or GDNF were
applied at the same time with the toxin. After the incubation with toxins and studied compounds,
the cells were fixed and subjected to immunohistochemistry.

To evaluate the specificity of studied compounds towards RET, cells were plated in a 96-well
plate and after one hour of post-plating, LentiCRISPR/Cas9 targeting RET and
CRISPR/Cas9-Scrambled were added to the cells in culture medium for 8 days to knock-out
RET. In DIV 8, cells were challenged with MPP+ and BT13 for 48 hours. Afterward, the cells
were fixed and subjected to immunocytochemistry.

Immunocytochemistry

The cells fixed with PFA were washed with PBS and permeabilized with 0.2 % Triton X-100 in
PBS for 15 minutes. Next, cells were incubated with a blocking solution (5 % horse serum in 0.2
% Triton X-100 in PBS) for 1 hour and probed with primary antibodies (Anti-TH antibody,
anti-γ-aminobutyric acid (GABA) antibody, anti-pERK or anti-pS6) and appropriate
fluorescently labeled secondary antibodies.

The cells were imaged by CellInsight (CX51110, ThermoFisher Scientific) at 20×magnification,
ImageXpress Nano Automated Imaging System (Molecular Devices) at 10× magnification or
3DHISTECH Pannoramic 250 FLASH II digital slide scanner with 40×magnification. Images
were analyzed using CellProfiler image analysis software or ImageJ software (Media
Cybernetics Inc, USA).

Cell-based 125I-GDNF-displacement assay

This assay was performed in HEK293 cells transfected with GFRα1 or GFRα1 and RET using
Lipofectamine 2000. The next day, nanoformulated BT44 was added to the cells for 1 hour. After
incubation, iodinated GDNF was added and the cells were further kept on ice for another one
hour. The cells were washed, lysed with 1 NaOH, and the lysate was subjected to a Gamma
counter (Perkin Elmer Wallac Wizard 1470-020).

Microscale thermophoresis (MST)

MST was used to study the molecular interaction between nanoformulated BT44 and the
receptors (GFRɑ1 or GFRɑ1/RET) using Monolith NT.115 instrument (NanoTemper
Technologies GmbH, Germany). The extracellular domain of the receptors was labeled through
His-tag using Monolith His-Tag Labeling Kit RED-tris-NTA. The labeled receptor (target) was
used at a 20 nM concentration. The starting concentration of nanoformulated BT44 (ligand) was
10 μM. The experiment was performed in premium coated capillaries in a buffer (20 mM of
HEPES, 150 mM NaCl, 186 μM CaCl2 and 0.05% Tween-20) using red LED source, power set
at 100 %, and medium MST power at 25 °C. The results were analyzed using MO.Affinity
Analysis software v2.3 provided by NanoTemper.

Statistical Analysis

The statistical analysis of the data was done using GraphPad Prism 8 (GraphPad Software Inc.,
USA). The analysis was done using Student’s t-test or one-way ANOVA with Dunnett's or Tukey
HSD post hoc tests. The results were presented as mean ± standard error of the mean (SEM) and
considered statistically significant when the p-value was below 0.05.
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4 RESULTS

4.1 GFL Receptor Agonists Activate RET and its Downstream
Intracellular Signaling Pathways (I and II)
Previously, our laboratory discovered the first chemical compound GFL receptor agonist
belonging to the BT scaffold named BT13 using a high throughput screening campaign and hit
validation (Sidorova et al., 2017). Later, a compound with predicted improved biological activity,
BT44, was developed using computational chemistry methods. In my dissertation work, we
evaluated the biological activity of these compounds (BT13 and BT44) using both in vitro and in
vivo assays. In immortalized cells, BT13 and BT44 stimulate the activation of RET receptors and
its downstream signaling cascades (AKT and ERK) in the presence and absence of GFRɑ
co-receptors with similar efficacy. (Figure 4.1; I: Figure 1; II: Figure 2). Further, we showed
that RET phosphorylation seems to occur at Y1062 similar to GDNF (II: Supplementary
Figure 3). Phosphorylated Y1062 serves as the docking platform for the intracellular adaptor
proteins FRS2 and SHC, which leads to the activation of AKT and ERK pathways (Kurokawa et
al., 2001).

Figure 4.1: BT13 activates RET (A-C) and its downstream targets Akt and Erk (D-F) in MG87RET fibroblast cells.
The effect of BT13 is demonstrated in cells transfected with GFRɑ1 (A and D), GFRɑ2 (B and E), and GFP (C and
F). The GDNF, NRTN, and GFRɑ1/GDNF soluble complex concentrations are provided in ng/ml. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase, a housekeeping protein, loading control; GDNF, glial cell line-derived
neurotrophic factor; GFP, green fluorescent protein; IP, immunoprecipitation; WB, western blotting. Figure modified
from publication I.

We further studied the selectivity of GFL receptor agonists towards RET using different
methods. We first tested the ability of BT13 to activate the luciferase reporter in cell lines lacking
RET. Our results demonstrate that BT13 failed to activate the reporter. However, FGF2 used as
the positive control in the same assay significantly increased the luciferase activity because these
cells express FGF2 receptors (I: Figure 1L). In addition, BT13 was unable to activate other
receptor tyrosine kinases such as Tropomyosin receptor kinase A (TrkA) and TrkB and their
downstream signaling cascades (Sidorova et al., 2017). We also tested the ability of BT44 to
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phosphorylate TrkA and TrkB receptors and their downstream signaling pathways. BT44 failed
to activate TrkA and TrkB receptors and downstream signaling pathways in immortalized cells,
as shown by Western blotting (III: Figure 2 B and D). Further, we also tested BT44 in
TrkB-expressing reporter cell lines and found that BT44 failed to activate ERK pathways (II:
Supplementary Figure 5).

Figure 4.2: BT13 activates both ERK and AKT pathways necessary for neuronal regeneration and survival. BT13
significantly increased the mean intensity of (A) pERK (p= 0.0371) and (B) pS6 (p=0.0307) immunostaining in
dopamine neurons. GDNF also increased the mean intensity of pERK (p=0.0086) and pS6 (0.0052) when compared
to the vehicle-treated group (p = 0.0052, 1‐way ANOVA with Dunnett's post hoc test for all comparisons). The data
are presented as a percentage of signal intensity in compound/protein treated cells or vehicle-treated dopamine
neurons. The number of independent experiments (N) = 3. The relative optical density of (C) pERK (P = 0.048) and
(D) pS6 (p= 0.040, respectively, paired 2‐tailed Student's t-test) immunostaining in the dorsal striatum presented as a
percentage of the vehicle-treated side after BT13 treatment. GDNF also increased the level of pERK both at 5 ug
(p= 0.0266) and 10 ug (p=0.0085) and pS6 at 5 ug dose (p=0.0043). N=3 to 4/group. In Vitro study: GDNF
concentration, 10 ng/ml; BT13, 1 μM. GDNF, glial cell line-derived neurotrophic factor; VEH, vehicle. *P < 0.05,
**P < 0.01. Figure modified from publication I.

We also investigated downstream signaling events activated by BT13 in cultured dopamine
neurons and in the midbrain striatum. In line with our in vitro cell-based data, BT13 (1 μM) also
increased the intensity of phosphorylated ERK, and pS6 (a downstream target of AKT) in
cultured dopamine neurons (Figure 4.2 A and B; I: Figure 4).

Similarly, BT13 also increased the level of phosphorylated ERK and S6 when injected into the
mouse's left striatum compared to the vehicle-treated control (right striatum). In these
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experiments, GDNF was used as the positive control, which also significantly increased the level
of phosphorylated ERK and S6 in cultured dopamine neurons and mouse striatum (Figure 4.2 C
and D; I: Figure 5 A and B). Our results from both in vitro and in vivo studies suggest that GFL
receptor agonists activate RET proximal signaling pathways necessary for neuronal survival and
regeneration in nigrostriatal dopamine neurons.

4.2 GFL Receptor Agonists Support the Survival of Cultured
Dopamine Neurons and Protect them from Neurotoxin-induced Cell
Death (I and II)
BT13 and BT44 were applied to näive cultured dopamine neurons in several concentrations to
assess the survival-promoting ability of these compounds. Both BT13 (0.1 and 1 μM) and BT44
(7.5, 75, and 3500 nM) promoted the survival of cultured dopamine neurons when compared to
the vehicle-treated group (Figure 4.3 A and B ).

Figure 4.3: BT13 and BT44 promote the survival of cultured dopamine neurons. (A) BT13 at 0.1 μM (P < 0.0001)
and at 1 μM (P = 0.0002) concentrations and GDNF at 10 ng/ml (P = 0.0207) increased the number of TH-positive
cells on the 5th day in vitro (DIV). Repeated Measures (RM) ANOVA with Dunnett's post hoc test for all
comparisons, p=0.006. The number of TH-positive cells on the 5 DIV after treatment of BT13 is presented as a
percentage of vehicle-treated samples. The number of independent experiments (N) = 8. (B) BT44 increased the
number of TH-positive cells at 7.5 nM (p = 0.0008), 75 nM (p = 0.006), 3500 nM (p = 0.004). GDNF at 10 ng/ml (p
= 0.0009). Repeated Measures (RM) ANOVA with Dunnett's post hoc test for all comparisons, p=0.0018. The
number of independent experiments (N) = 4. GDNF, glial cell line-derived neurotrophic factor; VEH, vehicle. *P <
0.05, ***P < 0.001, ****P < 0.0001. Figure modified from publications I and II.

We also evaluated the neuroprotective effect of BT13 and BT44 in vitro in 6-OHDA or
MPP+-treated dopamine neurons. BT13 (1 uM) (Figure 4.4 A and B) and BT44 (75 nM)
(Figure 4.4 C) significantly protected cultured dopamine neurons from neurotoxin-induced cell
death. GDNF (0.33 nM) also promoted survival and protected dopamine neurons from
neurotoxic insults as a positive control.
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Figure 4.4: BT13 and BT44 protect cultured dopamine neurons from neurotoxin-induced cell death. (A) BT13 at
0.1 μM (p=0.0091) and 1 μM (p=0.0026) and GDNF 10 ng/ml (p=0.0008) significantly protected cultured dopamine
neurons from neurotoxin-induced (6-OHDA) cell death when treated simultaneously. (B) BT13 at 1 μM (p=0.0068)
and GDNF 10 ng/ml (p=0.0389) significantly protected cultured dopamine neurons from neurotoxin-induced
(MPP+) cell death. One‐way analysis of variance with Dunnett's post hoc test. Mean ± standard error of the mean.
Number of wells (N) = 4 to 6 (A, B). (C) BT44 at 7.5 nM (p=0.016) and GDNF at 10 ng/ml (p=0.019). (C) BT44 at
7.5 nM (p=0.016) and GDNF at 10 ng/ml (p=0.019) significantly protected cultured dopamine neurons from
neurotoxin-induced (MPP+) cell death (Dunnett after repeated measures ANOVA; p=0.01). N=6. GDNF, glial cell
line-derived neurotrophic factor; MPP+, 1-methyl-4-phenylpyridinium; 6-OHDA, 6 - hydroxydopamine; VEH,
vehicle. *P < 0.05, **P < 0.01, ***P < 0.001. Figure modified from publications I and II.

The selectivity of both BT13 and BT44 was also studied in cultured dopamine neurons that lack
RET. In this assay, we cultured RET knock-out dopamine neurons from E13.5 mouse embryo.
GFL receptor agonist and GDNF on 5 DIV failed to support the survival of cultured dopamine
neurons dissected from RET knock-out mice (I: Figure 2C; II: Figure 3B). Additionally, we
deleted RET from the cultured dopamine neurons using Clustered Regularly Interspaced Short
Palindromic Repeats/CRISPR associated protein 9 (CRISPR/Cas9)-mediated gene editing and
tested the ability of BT13 to protect these neurons from neurotoxic insults. Both BT13 and
GDNF failed to protect RET-deficient cultured dopamine neurons from MPP+-induced cell
death. However, both BT13 and GDNF significantly protected cultured dopamine neurons from
MPP+-induced cell death treated with CRISPR/Cas9 lentiviral vector carrying a scrambled
guide, suggesting selectivity of BT13 towards RET (I: Figure 3C and D).

4.3 GFL Receptor Agonists Stimulate Dopamine Release and
Restore Motor Function in the 6-OHDA Model of Parkinson’s
Disease (I and II)
GDNF stimulates dopamine release and promotes dopamine system function (Gomes et al.,
2006; Grondin et al., 2003; Hebert et al., 1996; Kumar et al., 2015; Mätlik et al., 2018).
Therefore, we tested BT13 delivered intracranially or intravenously for the ability to stimulate
extracellular dopamine release. For direct comparison with GDNF, BT13 was infused into the
brain, and striatal dopamine release was measured using the microdialysis method. Notably, the
infusion of BT13 started after 30 minutes of baseline measurements and took 60 minutes to reach
the brain. Our result showed that BT13 increased the level of extracellular dopamine. The effect
was observed between 105 and 165 minutes after the beginning of the experiment (Figure: 4.5
A). Infusion of the vehicle did not influence the level of released dopamine in the mouse brain
(data not shown). Further, BT13 was also injected intravenously to measure the concentration of
dopamine and dopamine metabolite content in the midbrain. The measurement was carried out
using high-performance liquid chromatography (HPLC). BT13 penetrated the blood-brain barrier
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(a detailed description is provided later in the text) and significantly increased the level of
dopamine metabolites (HVA), and showed trends toward the increase of dopamine and DOPAC
levels (I: Supplementary Figure 3).

Figure 4.5: GFL receptor agonists stimulate dopamine release and restore motor function in the 6-OHDA rat model
of PD. (A) The level of extracellular dopamine concentration is increased after the administration of BT13 (50 μM)
between 105 and 165 minutes after the initiation of the experiment (30 minutes vs. 105 minutes P = 0.0160, 30
minutes vs. 120 minutes P = 0.0011, 30 minutes vs. 135 minutes P = 0.0013, 30 minutes vs. 150 minutes P = 0.0015,
30 minutes vs. 165 minutes P = 0.0091, 1‐way ANOVA with Dunnett's post hoc test). (B) BT44 alleviates
amphetamine rotation at 12 weeks post-lesion (rotation rate per 5 min). After 60 minutes, BT44 at 0.3 μg/24 h
significantly alleviates the rotation behaviour while vehicles (PBS (**p = 0.003) and PG (#p = 0.029) failed to
significantly influence this parameter. (Tukey HSD after RM ANOVA 60–120min: F4,44=8.491; p<0.001 (C)).
Quantification of TH-immunoreactive (TH-ir) fibers in the dorsal striatum. BT44 (0.3 μg/24h) (p=0.025) and
GDNF (3 μg/24h) (p=0.010) significantly increased the density of TH-ir fibers compared to PBS treated rats (Tukey
HSD post hoc test after one-way ANOVA F5,46=3.671; p=0.007) (D) Quantification of TH-ir cells in SNpc. The
number of TH-ir positive cells was significantly higher in GDNF but not in BT44-treated animals when compared to
treatment groups (***p < 0.001 vs. PG; ###p < 0.001 vs. PBS; ††p < 0.01 vs. BT44 (0.1 and 0.3 μg/24h), Tukey
HSD after one-way ANOVA; F5,48 = 8.898, p < 0.001). The data presented in (C) and (D) are a percentage of intact
sides. PBS, phosphate-buffered saline; PG, propylene glycol. Figure modified from publication I and II.

We hypothesized that BT44 would also enhance the release of extracellular dopamine levels
similar to the parental compound BT13. In addition, the survival-promoting effect of BT44 on
cultured dopamine neurons was more promising than BT13. Therefore, we tested the effects of
BT44 in the progressive unilateral 6-OHDA rat model of PD. Our results demonstrate that BT44
(BT44 0.3 μg/24 h) significantly reduces the number of net ipsilateral turns compared to the
vehicle (both PBS and PG) treated rats at 12 weeks post-lesion. GDNF (3 g/24 h) significantly
reduces the number of net ipsilateral turns after six weeks and 12 weeks post-lesion compared to
both PBS and PG (II: Figure 4). Further analysis of the rotation rate per 5 min at 12 weeks
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post-lesion showed fast recovery in a time-dependent manner after BT44 0.3 g/24 h treated rats
compared to the other treatment groups. The pronounced effects of BT44 were seen after 60
minutes compared to PBS and PG-treated groups (Figure: 4.5 B).

The neurorestorative and neuroprotective effects of BT44 were assessed by
immunohistochemical analysis of both striatum and substantia nigra sections using anti-TH and
anti-DAT antibodies. Striatal TH-fiber density was significantly higher in the BT44 (6.1 ± 1.2%
of the intact side), and GDNF (15.8 ± 1.6% of the intact side) treated group compared to the PBS
treated rats (Figure: 4.5 C). However, no statistical differences between the treatment groups
were observed in DAT-fiber density in the striatum (II: Figure 5 C). Further, GDNF has been
shown to downregulate the expression of TH when delivered to the striatum (Georgievska et al.,
2004; Salvatore et al., 2004). However, our results indicate that the DAT-fiber density was
comparable to that of TH-fiber density in all treatment groups (II: Figure 5 A and C),
suggesting unaltered TH expression in the striatum. In addition, statistically significant
differences were not observed in TH-ir (Figure: 4.5 D), and DAT-ir cell bodies in substantia
nigra after BT44 treatment (II: Figure 5 D). In line with previously published data, the number
of TH-ir and DAT-ir cell bodies in SNpc was significantly higher in the GDNF-treated group
compared to PBS-treated animals.

4.4 Characterization of Nanoformulated BT44 (IV)
BT44 is a promising compound that could be further developed as a drug for treating Parkinson’s
disease. However, BT44 is poorly soluble, hindering its preclinical development and clinical
translation. Therefore, we prepared micellar nanoformulation of BT44 with ultra-high drug
loading using poly(2-oxazoline)s (POx) polymer (He et al., 2016; Luxenhofer et al., 2012;
Zahoranová and Luxenhofer, 2021). The nanoformulation was further characterized both
physicochemically and biologically. Here, in the thesis, we report the biological characterization
of nanoformulated BT44.

4.4.1 Testing the Biological Activity of Nanoformulated BT44 in Vitro

BT44 was biologically active and had significant biological effects (shown above in the text). To
assess the biological activity of nanoformulated BT44, we used the same assay (Luciferase assay
and RET phosphorylation assay) for further characterization. Nanoformulated BT44 activates
RET in MG87RET cells transfected with GFRɑ1. Further, it also increased the luciferase activity
in the reporter cell line, indicating nanoformulated BT44 is biologically active.

4.4.2 Nanoformulated BT44 Interacts with GDNF Receptors

Receptor binding properties of both BT13 and BT44 were not reported in our earlier studies due
to their insufficient solubility. We characterize the receptor-binding properties of nanoformulated
BT44 using microscale thermophoresis (MST) and a cell-based 125I-GDNF-displacement assay.
Results from the MST analysis showed that nanoformulated BT44 binds to soluble GFRɑ1 with
a much lower affinity (Kd = 3.6 ±  2.2 μM) compared to GDNF (Kd = 0.26 μM) (Figure: 4.6 B).

In the cell-based competition-binding assay, the assay was performed in the presence of GFRɑ1
or GFRɑ1/RET. In GFRɑ1-transfected cells, nanoformulated BT44 could displace radiolabelled
GDNF with an IC50 value of 460 × 10-6 M (Figure: 4.6 C). Further, nanoformulated BT44 was
able to displace radiolabelled GDNF with an IC50 value of 27 × 10-6 M in the cells that express
both GFRɑ1 and RET (Figure: 4.6 D). Taken together, we conclude that nanoformulated BT44
can interact with GDNF receptors and at least partially bind to the same receptor site as GDNF.
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4.4.3 Nanoformulated BT44 Protects Cultured Dopamine Neurons from
Neurotoxin-induced Cell Death

BT44 promoted survival and protected cultured dopamine neurons from neurotoxicity (II:
Figure 3 A and C). Here, we also assess whether nanoformulated BT44 retains its ability to
protect cultured dopamine neurons from neurotoxin-induced cell death. Nanoformulated BT44
(100 nM) protected cultured dopamine neurons from MPP+-induced cell death (Figure: 4.6 A).

Figure 4.6: Nanoformulated BT44 binds to the GFL receptors and protects cultured dopamine neurons from
neurotoxin-induced cell death. (A) The number of TH-positive cells was significantly increased after treatment with
pristine BT44 (p=0.0050), nanoformulated BT44 (p=0.0103), and GDNF (p=0.0013). ANOVA with Dunnett’s post
hoc test for all comparisons, p=0.0013. N = 4. The concentration of BT44, plain polymer, and nanoformulation are
given in nM and GDNF in ng/ml. Data presented as mean ± SEM. (B) The binding of nanoformulated BT44 (0-10
μM) and the GFRɑ1 receptor (20nM) was evaluated using MST assay. (C) The displacement of iodinated GDNF
from the GFRɑ1 receptor with nanoformulated BT44. (D) The displacement of GDNF from the GFRɑ1/RET
complex with nanoformulated BT44. CPM: Count per minute. Data presented as mean ± SEM. N=2-4. The binding
curve was fitted using nonlinear regression. Figure modified from publication IV.

4.4.4 Nanoformulated BT44 is Non-Toxic both, in Vitro and in Vivo

We also evaluated the toxicity of plain polymer (A-pPentOx-A) and nanoformulated BT44 in
immortalized cells and mice. Cytotoxicity of the plain polymer was studied using Alamar blue
assay. However, no reduction in cell viability was observed at the concentration of 1 g/l
compared to the vehicle-treated cells. Our results showed that the cell viability was significantly
reduced at a concentration ≥ 5 g/l (IV: Figure 7 A).
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We also assessed the condition of animals after subcutaneous injection of plain polymer and
nanoformulated BT44 by visual examination and locomotor and exploratory activity using an
open field behavior test. We evaluated the toxicity in an open field behavior test using two
parameters: locomotor and exploratory activity. When injected subcutaneously, both plain
polymer and nanoformulated BT44 have no significant effect on the studied behavioral
parameters. Interestingly, after one hour of administration of PG and PG-BT44, they suppressed
the motor function, suggesting PG's toxic effect in mice (IV: Figure 9 C and D).

4.5 GFL Receptor Agonists Penetrate through the Blood-Brain
Barrier (I, II, and III)
GDNF is impermeable to the blood-brain barrier, hindering its therapeutic development.
Developing small molecules that could cross the BBB would be beneficial for treating both
motor and non-motor symptoms. In my dissertation work, we also evaluated the ability of BT44
and nanoformulated BT44 to penetrate the BBB. Despite poor solubility and low absorption in
the bloodstream, BT44 and nanoformulated BT44 could penetrate BBB, as shown in Table 4.1.
Interestingly, a higher amount of nanoformulated BT44 (57 %) was measured in the brain than
pristine BT44 after subcutaneous administration of nanoformulated BT44.

Table 4.1: Plasma and brain concentration of GFL receptor agonists
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5 DISCUSSION
Neurotrophic factors GDNF and NRTN bear enormous potential to serve as therapeutics for PD
treatment. Both GDNF and NRTN have been tested in clinical trials. Despite outstanding
outcomes from pre-clinical studies, the results from clinical trials are inconclusive. There are
several limitations with GDNF, complicating its clinical use. One of the major issues is the low
tissue distribution capacity of GDNF because it binds to the heparan sulfate proteoglycan
syndecan-3, which may limit the volume distribution (Bespalov et al., 2011). Therefore, low
bioavailability could have masked the clinical benefit of GDNF in the clinical trials (Hamilton et
al., 2001; Salvatore et al., 2006). GDNF cannot cross through the BBB. Therefore, complicated
surgery is needed to infuse GDNF into the brain, which can limit GDNF treatment in early stage
PD patients due to ethical considerations. Although administration routes of GDNF using
intracranial surgery are specific, it can cause significant risk to the patients. The device-related
adverse effect was also monitored in several clinical trials. Protein therapy itself is challenging
due to proteins’ short half-life, poor stability, and immunogenicity (Bhawani et al., 2018).
Further, the biological activities of proteins vary from batch to batch, and the quality depends on
the production system (Saarenpää et al., 2017). Drug dosing is an important aspect of disease
treatment that can affect the therapeutic outcomes. Interestingly, most neurotrophic factors
display a biphasic dose-response curve which means that there is a modest stimulatory effect at a
low dose, further increase in the stimulatory effect at a moderate dose, and at a higher dose, there
is an inhibitory response (Hou et al., 1996). Therefore, dosing with a viral vector or continuous
infusion can be detrimental because the concentration of therapeutic protein might exceed the
normal physiological range. Additionally, it can lead to long exposure to the drug which can
cause side effects. Moreover, the biphasic dose-response relationship displayed by GDNF might
complicate its clinical translation (Hou et al., 1996).

Targeting GFLs receptors with the help of small molecules would help to solve some of the
critical problems. For example, a small molecule penetrating the BBB would help to avoid
complicated brain surgery. Further, it will be affordable and can be easily stored at normal room
temperature. Nevertheless, small molecules can have a better diffusion ability and bioavailability
than GDNF, which can further help reach the target. Because small molecules are delivered
systemically, the treatment can be started shortly after diagnosis when still half of the nigral DA
neurons are alive. Here, we aimed to develop and characterize biological activity of novel
compounds (BT13 and BT44) using both in vitro and in vivo assays. We evaluated the properties
of GFL receptor agonists in immortalized cells, dopamine neurons, and rat 6-hydroxydopamine
model of PD. Additionally, BT44 was nanonized to improve the solubility and pharmacokinetic
properties.

5.1 Characterization of RET and its Downstream Signaling Events
by GFL Receptor Agonists
Neurotrophic factors are crucial for the survival and maintenance of midbrain dopamine neurons.
Among various GFLs, GDNF and NRTN are promising candidates for PD treatment. GFLs bind
to GFRɑs and form a tripartite complex with RET. The signaling complex induces
autophosphorylation of RET and further activates intracellular signaling pathways. (Airaksinen
& Saarma, 2002; Ibáñez, 2013).

We characterized the ability of GFL receptor agonists to activate RET in immortalized cells. In
MG87RET cells, GFL receptor agonists stimulate RET phosphorylation and downstream
signaling events similar to GDNF. Both BT13 and BT44 can stimulate RET and its downstream
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signaling in the presence and absence of co-receptors. In contrast to BT13, which activates both
AKT and ERK pathways in the cells expressing only RET, BT44 can only activate the ERK
pathway in these cells, which suggests BT44 may have a predominant role in the promotion of
neurite outgrowth and regeneration of neurons. RET is phosphorylated at several tyrosine
residues within the cytoplasmic domain, which is required to activate several downstream
pathways (Airaksinen and Saarma, 2002). Therefore, we tested the ability of BT44 for the
phosphorylation of different tyrosine residues in the presence or absence of GFRɑ1. Our results
showed that the phosphorylation of RET in response to BT44 seems to occur at Y1062.
Phosphorylated Y1062 is the main docking platform for the adaptor proteins such as FRS2 and
SHC (Kurokawa et al., 2001). Intriguingly, FRS2 and SHC compete for binding to mouse TrkA
at Y499 (Meakin et al., 1999). It is possible that upon stimulation of MG87RET cells with BT44
in the presence or absence of GFRɑ1, pY1062 favors either SHC or FRS2, rendering differences
in the downstream signaling. However, extensive studies are necessary for the confirmation of
our hypothesis.

The activation of RET and its downstream signaling (PI3K/AKT and MAPK) is crucial for
dopamine neuron survival and regeneration. Our results also show that BT13, similar to GDNF,
can activate PI3K/AKT and MAPK pathways via RET receptors in dopamine neurons.
Additionally, BT13 can activate these pathways in the striatum of naïve animals, indicating that
GFL receptor agonists can promote neuronal survival and regeneration.

5.2 Effect of GFL Receptor Agonists on Cultured Dopamine
Neurons
The promising results from the cell-based assay encouraged us to test the effect of GFL receptor
agonists on cultured dopamine neurons. Primary dopamine neuronal culture assay is an excellent
tool to validate potential neurotrophic agents for PD treatment. Our results indicate that both
BT13 and BT44 promoted the survival of cultured dopamine neurons similar to GDNF. The
survival-promoting activity of GDNF for cultured dopamine neurons is well-documented in
literature (Hou et al., 1996; Lin et al., 1993; Schaller et al., 2005). Further, our results
demonstrate that the potency of BT44 was increased 10-fold compared to the parent compound
BT13 in terms of its survival-promoting effects, suggesting significant improvement in the
properties of the compound. The concentration of GFL receptor agonists and GDNF used in the
neuronal assay was based on our previous studies (Sidorova et al., 2017). We noticed that BT13
or BT44 and GDNF elicit their biological effects in cultured dopamine neurons at a much lower
concentration than when activating RET phosphorylation in immortalized cells. Primary
dopamine neuronal cells are directly isolated from tissues, and they retain the morphological and
functional characteristics of their tissue of origin. Primary neuronal cells offer huge advantages
over immortalized cells, such as stoichiometry of receptors and intracellular mediators, which
might limit the need for a higher concentration of ligands. In addition, RET is stimulated for a
short period (15 minutes) in immortalized cells. However, in the neuronal survival assay, GFL
receptor agonists and GDNF have a cumulative effect on RET activation over a long period (5
DIV). Therefore, a low concentration of ligands is enough to produce the biological effect in the
latter case.

One of the goals of our study was also to determine whether GFL receptor agonists could protect
cultured dopamine from neurotoxin-induced cell death. Both BT13 and BT44 protected cultured
dopamine neurons from toxin-induced cell death similar to GDNF. The activation of ERK and
AKT pathways by GDNF is attributed to its neuroprotective effects. We have also shown that
GFL receptor agonists can activate both AKT and ERK pathways in cultured dopamine neurons,

53



resulting in their neuroprotective actions. Further, protein kinase CK2 activation by GDNF also
protects dopamine neurons against toxin-induced damage (Chao et al., 2006). However, we have
not tested the activation of protein kinase CK2 by GFL receptor agonists.

5.3 Selectivity of the GFL Receptor Agonists toward GDNF
Receptors and their Potential Adverse Effects
A drug can produce off-target adverse effects often when it binds and regulates different targets,
and on-target-related adverse effects due to amplified response to the target of normal tissues
(Rudmann, 2013). The specificity of developed molecules is important to consider in drug
discovery to limit side effects occurring as a result of off-target receptor activation. Therefore, a
complete investigation of the on/off-target effects of a drug at the preclinical stage is an essential
step that could minimize the adverse effects and increase the therapeutic benefits.

In my dissertation, we also studied the selectivity of GFL receptor agonists toward RET in
immortalized cell lines lacking RET receptors. Apart from receptor tyrosine kinase RET, other
tyrosine kinases such as Tropomyosin-related kinase (Trk) receptor family members (TrkA,
TrkB, and TrkC) can also regulate cell growth and survival via the same signaling pathways
(Reichardt, 2006). Previously, the selectivity of BT13 was assessed in the phosphorylation assay
in NGF receptor TrkA and BDNF receptor TrkB-expressing cells. BT13 failed to stimulate TrkA
and TrkB phosphorylation and activation of downstream signaling. In addition, it also failed to
activate downstream signaling pathways (AKT and ERK) in the parental cell line which does not
express RET receptors (Sidorova et al., 2017). In line with these results, in the present study, we
also showed that BT13 could not activate the luciferase reporter in the cells lacking RET.
Additionally, BT44 was unable to activate TrkA and TrkB phosphorylation in the cells
expressing TrkA and TrkB receptors (study III) and MAPK signaling in TrkB-expressing
luciferase reporter cells.

Several other growth factors such as BDNF, VEGF-C, and FGF20 have been reported to support
the survival of dopamine neurons. These growth factors activate TrkB, vascular endothelial
growth factor receptor (VEGFR) 2 and VEGFR-3, and fibroblast growth factor receptor 1
(FGFR-1), respectively, which are expressed in dopamine neurons (Hyman et al., 1991; Murase
and McKay, 2006; Piltonen et al., 2011). Therefore, we also studied the selectivity of BT13 and
BT44 towards RET receptors in the cultured dopamine neurons. For this experiment, we cultured
RET‐knockout embryonic midbrain dopamine neurons and applied different concentrations of
GFL receptor agonists. Both BT13 and BT44 could not promote the survival of cultured
dopamine neurons lacking RET similar to GDNF. Further, we tested the neuroprotective ability
of BT13 in cultured dopamine neurons lacking RET receptors. Here, RET receptors were deleted
from the cultured dopamine neurons using the CRISPR/Cas9 system. BT13 failed to protect
dopamine neurons lacking RET from neurotoxin-induced cell death. However, in dopamine
neurons treated with a CRISPR/Cas9 lentiviral vector carrying a scrambled guide, both BT13
and GDNF remained neuroprotective.  Besides dopamine neurons, the majority of other neuronal
populations in the midbrain are GABAergic medium spiny neurons that express the GFRɑ1
co-receptor (Sarabi et al., 2001). GDNF has been shown to promote the morphological
differentiation of GABAergic neurons in primary cultures of E14 rat ventral mesencephalon, but
no survival-promoting effect has been reported (Ducray et al., 2006). We also tested the
survival-promoting activity of BT13 in primary cultures of E13.5 mouse ventral mesencephalon.
BT13 did not affect its survival (I: Supplementary Figure 1), suggesting BT13 was selective
towards dopamine neurons. However, we have not studied the effect of BT13 and BT44 on the
morphological differentiation of GABAergic neurons.
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We also performed pharmacological profiling of BT44 against different targets such as ion
channels and transporters, dopamine metabolizing enzymes, receptors, and kinases (II:
Supplementary Table 2). The in vitro profiling of drugs is relatively often used at the initial stage
of drug development to identify potential undesirable off-target activities and predict adverse
events. The pharmacological screening was performed by the CEREP company (Eurofins France
2019). Results indicated that BT44, when tested at 1 μM concentration, had a relatively clean
profile with less than 25 % off-target stimulation or inhibition, reflecting assay variability and
indicating a lack of significant effects on the target. Our in vitro data indicates that GFL receptor
agonists are selective towards RET and have the potential for further development.

RET is expressed widely, including in the CNS, peripheral nervous system (PNS), and various
organs (Attié-Bitach et al., 1998; Avantaggiato et al., 1994; Kramer and Liss, 2015; Pachnis et
al., 1993). Beyond the central role of RET in the development of different neuronal populations
and organs, mutations in the receptor can lead to the development of several inherited diseases
(Mahato and Sidorova, 2020; Mulligan, 2019). Therefore, targeting RET receptors with small
molecules should be carefully examined for potential target-related side effects. One of the major
concerns of RET agonist-based or GFLs-based therapy is related to the development of cancer.
However, mice overexpressing GDNF by two-fold from the native locus did not show any side
effects or cancer during their lifespan (Turconi et al., 2020). In addition, the overexpression of
GFL in the brain of PD patients by viral vector or the infusion of recombinant protein directly to
the brain was found to be safe without serious adverse effects such as cancer (Barker et al.,
2020). Thus, pulsatile activation of RET receptors by intermittent delivery of GDNF would help
to avoid any potential adverse effects. Our GFL receptor agonists are short-lived and have lower
efficacy than GDNF. Therefore, there is a rare chance of developing a tumor after the
administration of GFL receptor agonists. We also did not observe any signs of compound-related
toxicity in our in vivo studies. However, a more detailed study is needed to understand the full
oncogenic potential and other possible side effects of GFL receptor agonists.

5.4 BBB Penetration and Impact on Striatal Dopamine Release
Neurodegenerative diseases have been challenging to manage, making them a very high social
and economic burden for the patients and society. Brain barriers offer a huge challenge for
effective drug delivery to the CNS via a systemic route. Regardless of emerging technologies in
drug discovery, the development of drugs for the treatment of neurodegenerative diseases is often
challenging due to physiologic, metabolic, and biochemical obstacles created by brain barriers
(Bondarenko and Saarma, 2021; Morofuji and Nakagawa, 2020).

We also studied the BBB penetration ability of GFL receptor agonists and showed that both
BT13 and BT44 could enter the brain when administered systemically. Despite their ability to
penetrate the BBB, their concentration in the brain was low due to the low bioavailability arising
from poor aqueous solubility. We also tested the ability of BT13 to stimulate dopamine release
after systemic injection and observed a slight increase in the level of dopamine. However, we
observed a significant increase in HVA and a slight increase in DOPAC, reflecting the
degradation of dopamine. Interestingly, there was an increasing trend in HVA/DA ratio but no
changes in the DOPAC/DA ratio, suggesting that BT13 might affect dopamine release rather than
dopamine synthesis. Moreover, due to the poor solubility and quick metabolism of BT13, the
bioavailability of BT13 might be limited, affecting overall changes in the level of dopamine.
Therefore, BT13 was infused into the striatum to evaluate the direct effect on the striatal
dopamine release. Our results from the microdialysis experiment showed that BT13 increased
extracellular dopamine levels similarly to GDNF (Kumar et al., 2015). GDNF has been shown to
stimulate dopamine release by acute modulation of A-type potassium channels (Yang et al.,
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2001) or by regulating dopamine transporter activity (Kopra et al., 2017; Zhu et al., 2015). We
hypothesize a similar mechanistic action of BT13 on dopamine release.

5.5 Effect of GFL Receptor Agonists on 6-OHDA Animal Model of
PD
The promising results obtained from our in vitro studies encouraged us to test BT44 in vivo in the
6-OHDA model of PD (Study II). PD is associated with the “dying back” process which means
that pathology initiates at the axonal terminal in the striatum and further proceeds to soma
located in the SNpc (Burke and O’Malley, 2013). Therefore, in our study, we used the
neurorestorative paradigm with progressive retrograde degeneration of the nigrostriatal
dopamine neurons (Penttinen et al., 2016). Since the study was designed to investigate the local
effects of BT44 and compare it with GDNF, BT44 was infused into the brain with the help of
osmotic pumps similar to GDNF. We used propylene glycol (PG) to dissolve BT44. GDNF and
BT44 were infused two weeks after the 6-OHDA injection. Both BT44 and GDNF significantly
alleviated the motor symptoms. However, BT44 was less potent than GDNF. The mechanism
behind functional recovery after BT44 infusion was not well studied. We hypothesize that BT44
might change overall dopamine dynamics possibly by affecting DAT activity and
dopamine-metabolizing enzymes. Importantly, the parent compound BT13 was shown to
stimulate dopamine release in vivo. Previously, it has been shown that RET signaling regulates
the cell surface trafficking of DAT (Kopra et al., 2017; Littrell et al., 2012; Zhu et al., 2015).
Therefore, there is a possibility that dopamine dynamics might also be affected by BT44-RET
signaling. Further, we cannot exclude that BT44 might diffuse to the non-lesioned side due to
high lipophilicity, affecting the behavioral changes resulting from the amphetamine challenge.

BT44 significantly promoted dopamine neurons' survival and protected them from
neurotoxin-induced cell death in our in vitro studies. However, in the in vivo study, BT44, when
infused directly into the striatum, slightly increased the TH-fiber density but did not affect the
cell number in the SNpc. It is possible that poor solubility and high metabolism of BT44 might
have limited its bioavailability, affecting the above results. In addition, BT44 might not have
reached the SNpc due to impaired retrograde transportation, which might have obscured the
beneficial effect of BT44 in the SNpc. Our in vitro study has shown that BT44 has biased
agonism towards ERK signaling. The activation of ERK signaling helps in neuronal regeneration
and neurite outgrowth. In contrast, PI3 kinase-AKT is more responsible for neuronal survival.
Interestingly, our result indicates that activation of ERK signaling with BT44 is more
pronounced than AKT signaling, due to which there might be a positive impact on fiber density.

5.6 Possible Treatment of Non-Motor Symptoms with GFL Receptor
Agonists
PD is caused by the degeneration of dopamine neurons, leading to the most characteristic
features of motor symptoms such as tremor, rigidity, and slowness of movement. In addition, PD
patients are also affected by non-motor symptoms, which often appear even before the
manifestation of motor symptoms.

Currently, there is no disease-modifying therapy for the treatment of PD. The latest available
therapies help to manage some of the motor and non-motor symptoms of PD (Connolly and
Lang, 2014). GDNF is a well-known neurotrophic factor in alleviating motor deficits in
preclinical PD models. The role of GDNF is well-defined for olfactory development (Marks et
al., 2012) and in the development and maintenance of enteric neurons (Chalazonitis et al., 1998),
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and it also plays an important role in various neuropsychiatric disorders (Tsybko et al., 2017).
However, the role of GDNF in the treatment of non-motor symptoms is not studied well. A
recent study shows that a lower serum level of GDNF can potentially increase the risk of
developing constipation in patients with PD (Chen et al., 2022). Additionally, in the chronic
progressive PD model (the MitoPark mouse), GDNF-expressing macrophages have improved
motor and non-motor symptoms (Chen et al., 2018). The study showed that GDNF significantly
improved nesting behavior and increased sucrose preference in MitoPark mice, suggesting that
GDNF can increase motivation and overcome depression, which is compromised in PD patients
(Chen et al., 2018). These studies highlight the potential of GDNF for treating non-motor
symptoms. GFL receptor agonists (BT18, BT13, and BT44) were studied in animal models of
neuropathic pain and were found to alleviate the symptoms of experimental neuropathy
(Bespalov et al., 2016; Sidorova et al., 2017). Notably, neuropathic pain is a common non-motor
symptom in PD (Hanagasi et al., 2011). However, we haven’t studied non-motor aspects in our
PD disease model because the model is established for motor symptoms. In addition, GFL
receptor agonists have poor solubility and high metabolism, limiting their overall biological
effects. Therefore, optimization was necessary to address the pharmacokinetics and
pharmacodynamics issues of BT44 so that it can be studied in animal models of PD to address
both motor and non-motor symptoms.

Different approaches can be considered in optimizing the small molecules to make them more
stable, increase BBB permeability, and improve their bioavailability. Nanoparticle-based drug
delivery systems are gaining more popularity because they improve both the pharmacokinetics
and pharmacodynamics properties of the drugs (Kumar et al., 2012). In this regard,
nanoformulation can be an appropriate alternative to solubilizing lipophilic drugs for efficient
delivery and controlled release (Din et al., 2017). There are several nanocarriers, such as
liposomes, carbon nanotubes, carbon dots, iron oxide nanoparticles, nanogels, and silver
nanoparticles have been proposed for the biomedical applications (Burdușel et al., 2018; Su and
M Kang, 2020). Here, we focused on the nanonization of BT44 with poly(2-oxazoline)s
(POx)-based polymer to enhance the aqueous solubility and improve its pharmacokinetics and
biodistribution. POx-based nanoformulation has been at the center of attraction because of its
high drug loading capacity and relatively very low toxicity (Zahoranová and Luxenhofer, 2021).
The nanoformulation of BT44 increased bioavailability and improved BBB penetration (Study
IV). The nanonization of drugs has several advantages, such as reducing toxicity and improving
therapeutic efficacy. The higher drug loading nanoparticle is important because it helps minimize
the use of extra nanoparticles in vivo, thereby reducing adverse effects related to high
concentrations of nanoparticles (Liu et al., 2020). Polymer’s nanoparticles are superior to other
nanoparticles because they are biocompatible and biodegradable. Previously, POx-based
amphiphiles have been studied for their cytocompatibility and were well-tolerated even at higher
concentrations of polymer (Kronek et al., 2011; Bauer et al., 2013, 2012). We also tested the
cytocompatibility of the presently employed polymer with the Alamar Blue assay. Our results
showed no reduction of cell viability below 10 g/l of polymer. However, in contrast to the
previously published result, a significant reduction in cell viability was observed at higher
concentrations of polymers, suggesting the toxic effect of the polymers. The data discrepancy
might be occurring due to different assay protocols and cell lines used. The use of polymeric
micelles as nanocarriers is well-established. It has been substantially studied in preclinical and
clinical trials, and its use is safe (Hwang et al., 2021; Nishiyama and Kataoka, 2006). We also
studied the toxicity of nanoformulated BT44 in mice using an Open Field behavioral test, and
mice were also monitored visually for general conditions. We observed that nanoformulated
BT44 was safe, suggesting the potential use of it in further in vivo experiments.
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5.7 GFRɑ1 Agonist vs. RET Agonist
RET and GFRɑ1 are expressed both in and outside the nervous system. The expression of GFLs
receptors is developmentally regulated, which clearly shows that GFLs receptors are expressed at
a lower level in adults compared to the embryonic stage. The expression of GFRɑ1 is more
abundant than RET receptors (Trupp et al., 1997; Yu et al., 1998). Additionally, GFRɑ1 can also
function as a soluble receptor that in the presence of GDNF activates RET receptor tyrosine
kinase in trans (Jing et al., 1996; Treanor et al., 1996; Trupp et al., 1998b).

GFL receptors control a wide range of functions such as proliferation, cellular differentiation,
cell survival, and cell migration in a healthy state. Additionally, the oncogenic potential of RET
has been well described in literature (Mahato and Sidorova, 2020; Mulligan, 2014, 2019).
However, aberrant RET signaling occurs due to mutations in the RET receptors rather than the
functioning of endogenous ligands. A study on mice overexpressing GDNF by two-fold did not
show any side effects or enhanced tumor development during their lifespan, suggesting no
abnormal RET signaling due to an increase in GDNF concentration (Turconi et al., 2020).
Therefore, GFL receptors can be a potential therapeutic target for treating neurodegenerative
diseases such as PD. However, there is still a missing puzzle to solve, for example, does targeting
GFRɑ1 or RET receptors provide better therapeutics?

In 2003, XIB4035 was identified as a GFRɑ1 receptor agonist and reported to mimic the
neurotrophic effects of GDNF (Tokugawa et al., 2003). However, further studies reported that
XIB4035 is not a GFRɑ1 receptor agonist; rather, it enhances the effect of GFLs, serving as
positive allosteric modulator. Furthermore, XIB4035 has been shown to enhance the activity of
small molecule RET agonists in stimulating RET-dependent downstream signaling (ERK
pathways) (Jmaeff et al., 2020a). It would be exciting to test the effect of XIB4035 alone or in
combination with RET agonists in animal models of PD. Recently, a compound named 107 was
identified as a GFRɑ1 receptor agonist. The compound activated RET receptors only in the
presence of GFRɑ1, suggesting both GFRɑ1 and RET are required to show the biological
activity (Ivanova et al., 2018). However, no in vivo studies have been conducted due to very
weak biological activity.

Developing a GFRɑ1-specific compound might have a limited therapeutic effect because it lacks
its own signaling domain and has to depend on RET, NCAM, or other unknown receptors for
signal transmission. In addition, GFRɑ1-specific compounds may lead to more adverse effects
because of their wide expression and interaction with other signaling receptors such as NCAM
(Paratcha et al., 2003). Further, GFRɑ1 agonist compounds may not be suitable in the case of
mild lesions because the presence of endogenous ligands might affect their binding to the
receptors. In this regard, the development of RET-specific compounds would have more
therapeutic value compared to GFRɑ1-specific compounds. We must also be aware that the
presence of GFRɑ1 might also affect the activity of RET agonists. Recently, the activation of
RET by the RET agonist compound 8 was shown to be suppressed in the presence of GFRɑ1
(Jmaeff et al., 2020b). However, the mechanism behind this phenomenon has not been studied in
detail.

In my dissertation (studies I and II), we have shown that BT13 and BT44 can activate RET and
its downstream signaling without a GFRɑ1 co-receptor. The nanonization of BT44 resulted in a
water-soluble compound, and it was possible to test the binding of BT44 to GFLs receptors (IV)
both in a cell-based assay and MST. In the MST, we observed the binding of BT44 to GFRɑ1
receptors. However, in contrast to the functional assay where RET was activated in the absence
of GFRɑ1 receptors, direct binding to RET was not observed (data not shown). In the cell-based
competition assay, we also tested if BT44 could compete with GDNF in the cells expressing only
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GFRɑ1 or GFRɑ1/RET together. Our results showed that BT44 could compete with GDNF for
binding to the GFRɑ1 receptors. However, a higher affinity of BT44 was observed only in the
presence of GFRɑ1 and RET. Although BT44 was shown to bind GFRɑ1 receptors, its biological
significance was not studied due to the lack of a functional assay. In line with our findings, a
recent study using molecular docking calculations and molecular dynamics simulations also
reported that preferable binding occurs at the allosteric site in GFRɑ1 and RET/GFRɑ1 interface.
Additionally, they reported that the membrane-bound state of RET can enable compounds to act
as RET agonists due to binding to RET/GFRɑ1 interface (Ivanova et al., 2018). Our binding and
functional assay results indicate that BT44 has biased agonism towards both GFRɑ1 and RET.
Further optimization of BT44 is required to acquire a RET receptor-specific compound, which
can help to reduce any adverse effects associated with the GFRɑ1 and GFL receptor agonist
complex, possibly due to the activation of NCAM or other unknown receptors (Pozas and
Ibáñez, 2005).
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6 CONCLUSIONS
The thesis aimed to characterize the biological activity of small molecules which could be further
developed as drugs for the treatment of Parkinson’s disease. The main conclusions of the studies
are:

1. GFL receptor agonists BT13 and BT44 are biologically active. The compounds can
activate the RET receptor and its downstream signaling events.

2. GFL receptor agonists RET-dependently promote the survival of cultured dopamine
neurons and protect them from neurotoxin-induced cell death.

3. GFL receptor agonists can cross through the BBB.

4. BT13 stimulates striatal dopamine release in vivo. BT44 improves motor dysfunction and
can restore dopamine fibers in the striatum in the 6-OHDA model of PD.

5. Nanonization of BT44 significantly improves the solubility, bioavailability, and BBB
penetrance.

6. The overall results offer proof of concept that GFL receptor agonists can be developed
for the treatment of PD.
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