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Abstract

Neurodegenerative diseases are associated with proteostasis disturbances and accumulation of fibrillar
proteins into insoluble aggregates. Progressive age-related degeneration of dopamine neurons is a
primary cause of motor dysfunctions in Parkinson’s disease (PD) and substantial evidence supports
critical involvement of a-synuclein (a-syn) in the etiology of PD. a-syn is a cytosolic protein present in
high concentrations in pre-synaptic neuronal terminals and a primary constituent of intracellular
protein aggregates known as Lewy Neurites or Lewy Bodies. Progression of Lewy pathology is a
characteristic feature in the PD brains caused by the prion-like self-templating properties of misfolded
a-syn. Modelling Lewy pathology progression with application of exogenously prepared a-syn
preformed fibrils, we discovered that glial cell line-derived neurotrophic factor (GDNF) prevented
formation of a-syn aggregates in dopamine neurons in culture and in vivo after viral vector expression
of GDNF. These effects were abolished by CRISPR/Cas9-mediated deletion of receptor tyrosine kinase
Ret, the major GDNF signaling pathway. Similar to GDNF, expression of mutated constitutively active
RET (RET_MEN2B) was able to protect dopamine neurons. GDNF protection against a-syn pathology
progression was abolished by Src and attenuated by Akt pathway inhibitors. For the first time, we have
shown the neurotrophic factor-mediated protection against the misfolded a-syn propagation in
dopamine neurons, uncovered underlying receptor and intracellular signaling pathways. These results
for the first time demonstrate that activation of GDNF/RET signaling can be an effective therapeutic

approach to prevent Lewy pathology spread at early stages of PD.
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[Main Text]

Introduction

The presence of Lewy Neurites and Lewy Bodies — intraneuronal inclusions containing aggregated and
phosphorylated (at serine 129; $S129) a-syn as a main component — is a characteristic feature in the
brains of both sporadic and familial Parkinson’s Disease (PD) patients (Anderson et al., 2006; Spillantini
et al., 1997; Wong and Krainc, 2017).

Progression of Lewy pathology is evident already at the early stage of PD and coincides with
compromised neuronal functions putatively by causing synaptic and mitochondrial dysfunction, cell
stress, and deregulation of protein degradation pathways, which lead to neurodegeneration and
disability in PD patients (Braak et al., 2003; Lashuel et al., 2013; Venda et al., 2010; Wong and Krainc,
2017). As a-syn aggregation is believed to be one of the earliest events in PD progression, treatments
attenuating a-syn, aggregation and pathology spread should be applied to the patients at the earliest
possible PD stages. Conversely, for late stage PD patients, transplantation of midbrain neural
progenitors holds a great promise for cure (Barker et al., 2018). However, neurons transplanted into
the brains of PD patients can accumulate Lewy Bodies (LBs), presumably, through transmission of
misfolded prion-like proteins present in the PD patient’s brain (Kordower et al., 2008; Li et al., 2008).
Therefore, treatments attenuating a-syn phosphorylation, aggregation and spread could be valuable
also for late stage PD patients after transplantation therapy.

Glial cell line-derived neurotrophic factor (GDNF) promotes survival of mature dopamine (DA) neurons
in vitro and in vivo (Kopra et al., 2017; Lin et al., 1993; Moore et al., 1996). GDNF binds and transduces
signal through multiple receptors: RET tyrosine kinase (Durbec et al., 1996), Neuronal Cell Adhesion

Molecule (NCAM) (Paratcha et al., 2003), syndecan-3 (Bespalov et al., 2011), N-cadherin and integrins
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(Kramer and Liss, 2015). The canonical receptor of GDNF is RET, a receptor tyrosine kinase family
member, and its co-receptor, GDNF receptor alphal (GFRal) that enhances GDNF affinity of RET
(Durbec et al., 1996; Jing et al., 1996). GDNF had been extensively studied for its ability to rescue DA
neurons from neurotoxic insults in multiple animal models (Paul and Sullivan, 2019). In comparison,
there are relatively few studies addressing the effect of GDNF/RET signaling on the progression of Lewy
pathology or a-syn aggregation (Decressac et al., 2011; Lo Bianco et al., 2004).

To model Lewy pathology progression, we utilized a-syn pre-formed fibrils (PFFs) that induce
phosphorylation and aggregation of a-syn in cultured neurons and in vivo in the adult mice (Luk et al.,
2012; Volpicelli-Daley et al., 2011). In vivo injections of PFFs recapitulate progression of a-syn
aggregation and, in some mouse and rat strains, also neurodegeneration (Abdelmotilib et al., 2017;
Paumier et al., 2015). This model is therefore well suited for the development of protective strategies
to prevent a-syn aggregation and spread. Clarification of GDNF effectiveness against a-syn related
pathology, in a model that is more representative of early stage PD, is of great clinical interest
considering recent results of GDNF clinical trials, which clearly demonstrated feasibility and safety of
long-term intracerebral GDNF administration, with good putamen coverage, minimal side effects and
no anti-GDNF antibodies detected (Whone et al., 2019a; Whone et al., 2019b). Nonetheless, none of
the double blind GDNF clinical trials have met clinical endpoints, as most GDNF treated patients had
only modest improvements (Paul and Sullivan, 2019; Whone et al., 2019a; Whone et al., 2019b). The
trials, however, included patients with moderate disease severity, at least 5 years (8 years on average)
after initial motor symptoms, a stage at which DA cell loss is advanced and LB pathology is widespread

(Kordower et al., 2013).
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In the current study we demonstrate that GDNF can effectively protect DA neurons from progressing

a-syn aggregation in models of early Lewy pathology and uncover underlying signaling pathways.

Results

PFFs induce robust a-syn aggregation in cultured dopamine neurons

GDNF is one of the most potent survival promoting factors for DA neurons; however, its effect on a-syn
aggregation has been controversial. To address it, we plated and maintained embryonic midbrain
cultures in a medium lacking GDNF. In these culture conditions, application of a-syn PFFs to DA neurons
led to the progressive appearance of clearly detectable aggregates of phosphorylated (at Ser129) a-syn
(paSyn) both in neuronal soma and in neurites of TH-positive neurons. Aggregates could be observed
starting from around 3 days post PFFs, as small puncta, putatively in neurites. The amount of these
small paSyn-positive puncta greatly increased at 5 days post PFFs. At 7 days post PFFs, large LB-like

aggregates in cell soma were observed (Fig. 1A).

GDNF reduces accumulation of a-syn aggregates in cultured dopamine neurons

Consistent with literature, omitting GDNF from the culture medium resulted in increased cell loss during
first few days of culture (Planken et al., 2010), but most of the remaining cells survived for at least 15
days; therefore, number of DA cells was not further modulated by day in vitro (DIV) 8 addition of GDNF
nor PFFs (Fig. 1B). Interestingly, addition of recombinant GDNF protein to neuronal cultures reduced
the formation of paSyn-positive LB-like aggregates in primary DA neurons (Fig. 1C, D and Fig. S1) but

not in cultured hippocampal neurons (Fig. S2).
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Similarly, lentiviral vector-mediated overexpression of GDNF under neuron specific human synapsin
(hSyn) promoter (Domanskyi et al., 2015) was effective at reducing progression of a-syn aggregation
assessed by immunostaining with antibodies detecting misfolded (Fig. 2A, B) or phosphorylated a-syn
(Fig. 2D). Also, neither GFP, nor GDNF overexpression affected neuronal survival (Fig 2C, E).
Importantly, addition of GDNF expressing lentiviral vectors after PFFs was also effective at attenuating
a-syn aggregation (Fig 2D). These results suggest that GDNF activated intracellular signaling pathways
preventing PFF-induced a-syn aggregation, rather than inhibiting phosphorylation of Ser129 or

physically interacting with PFFs and/or competing for biding putative receptors for their cellular uptake.

Virally mediated expression of GDNF in the substantia nigra prevents accumulation of Lewy Body-like
aggregates of phosphorylated a-syn in DA neurons

To study the in vivo effect of GDNF, we used AAV-hGDNF to express it in the SN, and then utilized
stereotaxic injections of PFFs to the mouse brain for the induction of in vivo a-syn aggregation (Fig. 3A)
(Luk et al., 2012). Similar to the results obtained in primary midbrain cultures, GDNF strongly inhibited
the accumulation of paSyn positive aggregates in the SN (Fig. 3B, D, E), while the amount of LB and LN
-like aggregates were similar in the cortex, striatum and amygdala — the regions not targeted by AAV-
hGDNF vector (Fig. 3C). In some animals, GDNF overexpression also resulted in decreased intensity of
TH staining, probably resulting from downregulation of TH expression as shown in literature (Chtarto

et al., 2016; Georgievska et al., 2004) (Fig. S3).

Effect of GDNF on accumulation of phosporylated a-syn is mediated by RET receptor
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GDNF binds a co-receptor GFRal and activates receptor tyrosine kinase RET (Durbec et al., 1996; Jing
et al., 1996; Kramer and Liss, 2015; Treanor et al., 1996; Trupp et al., 1996). It can also signal through
other receptors, such as NCAM (Paratcha et al., 2003) and syndecan-3 (Kramer and Liss, 2015). To
identify the cellular receptor mediating GDNF action on a-syn aggregation, we have utilized
CRISPR/Cas9 genome editing to selectively target Ret in primary DA neurons (Fig 4A-D). CRISPR/Cas9-
mediated deletion of Ret abolished GDNF effects on reducing accumulation of paSyn aggregates (Fig.
4A, C).

Conversely, GDNF effect on DA neurons could be mimicked by the lentivirus-mediated expression of
constitutively active RET (RET_M918T, also known as MEN2B) (Mijatovic et al., 2007; Mijatovic et al.,
2011), but not by overexpression of WT nor “kinase dead” RET_E921K mutant (Fig 4E-G). Neither Ret

deletion nor overexpression affected neuronal survival (Fig 4B, F).

Action of GDNF on a-syn accumulation involves activation of Src and Akt kinases

Using specific kinase inhibitors, we have found that Src kinase inhibitor SU6656 blocked the GDNF-
mediated attenuation of a-syn aggregation, whereas MAPK pathway inhibitor U0126 had no effect (Fig.
5A). PI3K/Akt pathway inhibitor LY294002 increased the amount of DA neurons with LB-like aggregates
independently from GDNF effect, which could be partially attenuated by the GDNF treatment (Fig. 5A).
Neither SU6656, U0126 nor LY294002 caused significant effects on cell survival (Fig. 5B). Similarly,
increase in basal number of paSyn-positive cells was observed after treatment with highly specific Akt
inhibitor MK2206, which also attenuated GDNF-induced reduction of paSyn aggregation (Fig. 5C).
Already at lowest tested concentration, MK2206 had detrimental effect on DA neuron survival, which

was even more pronounced at higher concentrations and could be partially rescued by GDNF (Fig. 5D).
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All drug treatments followed the same schedule (Fig. 5E). A proposed simplified cascade of signaling
events leading to reduced pathological a-syn accumulation in DA neurons upon RET activation is

depicted in Fig. 5F.

Discussion

Our data for the first time demonstrate that GDNF can slow or even stop accumulation of a-syn in
models recapitulating spreading of misfolded a-syn — a neuropathological hallmark of PD. Importance
of our finding is that for the first time we demonstrate the connection between two major therapeutic
approaches for PD — neuroprotection through stimulation of trophic pathways and slowing down the
spread of Lewy pathology. Therapies based on either of aforementioned approaches had been and/or
are planned to be tested in clinic (clinical trials ##NCT03100149, NCT03318523, NCT03716570,
NCT02618941, NCT02267434, NCT03611569, NCT03272165, NCT01621581, NCT03295786,
NCT01621581) (Huttunen and Saarma, 2019; Jankovic et al., 2018; Paul and Sullivan, 2019; Weihofen
et al., 2019). Our data for the first time indicate a possibility to design neurotrophic signaling-based
therapies with two-fold mode of action addressing both survival and Lewy pathology spread. However,
such therapies might require modified clinical approaches e.g. treatment of early stage patients, which
was already suggested as a way to increase efficiency of neurotrophic therapies for PD (Paul and
Sullivan, 2019). Identification of such patients will be increasingly feasible with the advancement of
diagnostic methods for the early detection of a-syn oligomers (e.g. in skin biopsy samples (Doppler et
al., 2017) or from cerebrospinal fluid (Kang et al., 2019)).

Importantly, there is ongoing controversy if GDNF therapies can at all be effective in PD with Lewy

pathology. Decressac et al. have claimed that in rat a-syn overexpression models and PD patients with
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Lewy pathology a-syn accumulation can lead to downregulation of Ret, which impairs GDNF receptor
signaling thus rendering GDNF treatments ineffective (Decressac et al., 2012; Decressac et al., 2013;
Decressac et al., 2011). However, later studies have not observed RET downregulation neither in PD
animal models nor in post mortem PD patient brains (Su et al., 2017). In addition, PET imaging in recent
GDNF clinical trials showed clear effects of GDNF in PD patients — i.e. increase in 18F-DOPA uptake
(Whone et al., 2019a). While interpreting results of Decressac et al., it is important to note that they
were done in models utilizing AAV-mediated overexpression of a-syn, which might have resulted in very
high a-syn expression levels (Hoffer and Harvey, 2011). This model does not recapitulate spreading
nature of Lewy pathology; however, might represent a late stage PD or some subpopulation of patients.
In contrast, our studies utilized model of early, spreading Lewy pathology. Considering our finding that
GDNF/RET signaling limits accumulation of misfolded a-syn, it is intriguing to speculate that after
reaching certain threshold level, misfolded a-syn accumulation and impairment of GDNF/RET signaling
might form a vicious cycle with misfolded a-syn impairing GDNF/RET action thus leading to even faster
progression of Lewy pathology.

The progression of LB-like pathology, i.e. accumulation of aggregated, phosphorylated at Ser129 a-syn
in our midbrain cultures, was similar to what was observed in other publications (Volpicelli-Daley et al.,
2014; Volpicelli-Daley et al., 2011). In the time frame of our experiments, we did not observe any loss
of DA neurons. Other studies also did not report DA cell loss at 7 days post-PFFs, and modest cell loss
was observed after longer periods (i.e. 14 days post PFFs) and/or additional neurotoxic insult to the
cells (Tapias et al., 2017; Volpicelli-Daley et al., 2014). Moreover, the lack of cell death at the early time
points after induction of the pathological a-syn aggregation is consistent with reports showing that

while the rodents injected with PFFs develop robust a-syn aggregation, such loss of DA neurons was

10


https://doi.org/10.1101/752899

10

11

12

13

14

15

16

17

18

19

20

21

22

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

observed only several months after PFF treatment. Similarly, the transgenic mice overexpressing a-syn
exhibit DA neurodegeneration only at old age (Lee et al., 2002; Luk et al., 2012; Paumier et al., 2015;
Richfield et al., 2002; Thiruchelvam et al., 2004). Accordingly, motor abnormalities in PFF-treated or a-
syn overexpressing animals were observed after several months post-injection of PFFs or at advanced
age. Despite years of research, clear cause of DA neurons’ loss in PD remains undefined, with support
gained by the “multiple hit” hypothesis suggesting that neurodegeneration in PD is caused by a
combination of several factors, one of which is a-syn misfolding (Surmeier et al., 2017). Moreover,
recent research on human patient iPSC-derived DA neurons shows that they are more vulnerable than
mouse DA neurons due to higher DA content and even then, robust pathological phenotypes are only
observed after very long (several months) culturing periods and/or introduction of multiple detrimental
factors, with a-syn-related pathology among them (Burbulla et al., 2017). Our data is in line with this
research supporting evidence that aggregation of a-syn might be just one of multiple hits necessary for
the demise of DA neurons in PD.

In our experiments, we demonstrated that GDNF is effective at reducing Lewy pathology progression
at least at early time points after PFFs application. Efficacy of the GDNF treatment in vivo was much
greater than that observed in vitro, leading to almost complete abolishment of LB-like aggregates in the
SN of mice overexpressing GDNF at the region. This might be due to high levels of GDNF achieved in
vivo by AAV-hGDNF expression, as we and others have previously observed (Kirik et al., 2000; Penttinen
et al., 2018; Tenenbaum and Humbert-Claude, 2017). Another explanation is that the cultured cells
were exposed to constant, high PFF concentration, which resulted in much faster acquisition of
pathology, while in vivo experiments rely on uptake of PFFs by DA axons in the striatum and transport

of PFFs into the cell body, resulting in much slower development of a-syn aggregates in DA neuron

11
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soma, which was more efficiently prevented by GDNF. Altogether, these data suggest that while in our
in vitro setup GDNF is moderately effective, it reliably protected DA neurons in vivo, at least when
administered before the development of LB pathology.

GDNF exerts its function through several receptors with partially overlapping effector pathways. Our
data demonstrate that RET is indispensable for effects of GDNF in reducing paSyn accumulation.
Moreover, overexpression of different isoforms of RET shows that constitutively active RET mutant is
sufficient to reduce paSyn accumulation. Constitutively active RET receptor was previously shown to
exert protective effects on DA neurons (Mijatovic et al., 2011); however, its ability to reduce progressive
accumulation of paSyn has never been studied before. Our findings strongly support the validity of RET
as a target for disease-modifying therapy for PD. Importantly, the presented data supports introduction
of RET activating therapy at early stages of the disease, both to exert pro-survival effects on DA neurons
and to protect them from the development of Lewy pathology.

Effect of GDNF on paSyn accumulation was completely abolished by inhibition of Src kinase but not by
inhibition of MAP signaling pathway. Blockade of PI3K or direct blockade of Akt with a specific inhibitor
resulted in increase of paSyn accumulation, which could be partially rescued by the GDNF treatment.
In our studies we used MK2206, a highly specific allosteric inhibitor of Akt, not competitive to ATP
binding, which was shown to effectively block canonical PI3K/Akt pathway, by preventing T308 and
S473 Akt phosphorylation (Manning and Toker, 2017; Meuillet, 2011; Xing et al., 2019). However,
MK2206 does not inhibit kinase domain of Akt directly and, therefore, does not preclude non-canonical
activation.

Classically, Akt activation by GDNF/RET is thought to be mediated by PI3K signaling in either Src

dependent or Src independent manner (Fayard et al., 2011; Kramer and Liss, 2015). Interestingly, Src is

12
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also able to activate Akt through non-canonical PI3K independent pathway by phosphorylating Akt on
Y315 and Y326 residues (Mahajan and Mahajan, 2012), although the role and prevalence of this
mechanism is poorly described in literature. In fact, mutated form of RET — RET/PTC (rearranged in
transformation/papillary thyroid carcinomas) was shown to promote Y315 and Y326 Akt
phosphorylation, presumably through Src activation (Jung et al., 2005). Moreover, Src can be involved
in Akt activation by both PI3K-dependent and -independent pathways even when transducing signal
from the same receptor (Lodeiro et al., 2011). While this pathway has been demonstrated in cancer
cells, our data suggest such mechanism may also be involved in GDNF/RET dependent Akt activation in
DA neurons.

Our results could be explained by PI3K-independent, Src-dependent activation of Akt following
GDNF/RET activation. However, we cannot fully rule out that Akt and Src are independently affecting
paSyn accumulation in DA neurons. Therefore, our data warrant further studies of possible PI3K-
independent, Src-dependent activation of Akt, or other Src-dependent Akt-independent pathways by
GDNF and their role in protection against Lewy pathology. Due to limited availability of ligands for
dissection of different Akt activation mechanisms, such studies should employ genetically modified Ret,
Akt and/or Src. Blocking Akt with MK2206 also resulted in the loss of DA neurons; however, this
neuronal loss was similar in control and PFF treated groups. Therefore, the effect was not dependent
on paSyn accumulation and did not impact the interpretation of obtained results.

Precise understanding of protective intracellular pathways activated by GDNF in DA neurons is of great
importance for engaging RET as a target for PD therapy. For example, putative biased GDNF mimetics,
activating Akt through PI3K-independent, Src-dependent pathway may offer an attractive therapy for

early PD, protecting against Lewy-pathology, with decreased risks associated with strong Akt activation.

13
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Interest in developing GDNF or GDNF-mimetic therapy for PD had been declining in the past several
years due to inconclusive results of clinical trials with GDNF (Paul and Sullivan, 2019) and preclinical and
patient data suggesting the loss of RET receptor in later stages of PD (Decressac et al., 2012; Decressac
et al., 2013; Decressac et al., 2011). However, as discussed above, this might not be true for all
population of patients, especially those at earlier stages of the disease, and recent clinical trials for
GDNF, while not meeting clinical endpoints, demonstrated feasibility of safe, long term GDNF
administration (Whone et al., 2019a; Whone et al., 2019b). Importantly, discussing the modest efficacy
of GDNF in the latest clinical studies, the authors suggested future modifications of GDNF trials to
increase GDNF dosing or include patients at early stages of PD, what is strongly supported by our data.
In addition, less invasive methods of activation of RET receptor together with emerging biomarkers for
early PD could provide strategy to prevent disease progression. Actually, GDNF-mimetics are being
actively developed (lvanova et al., 2018; Sidorova et al., 2017) and our data strongly support their
potential therapeutic application for the treatment of PD at early stages.

Precise mechanism by which activation of RET and downstream pathways reduces accumulation of
aggregated a-syn remains unclear. It has been recently proposed that upon their endocytosis, PFFs
remain for several days in the endosomal pathway, where they seem to undergo partial processing
(Apetri et al., 2016; Flavin et al., 2017) and are subsequently released to the cytoplasm, then promoting
fibrillization of endogenous a-syn protein (Bieri et al., 2018). Therefore, one can speculate that
mechanism of RET/Akt action on a-syn could be either interfering with uptake of PFFs, modifying their
early processing in endosomal pathway and/or release to cytoplasm, or enhancing clearance of
misfolded cytoplasmic a-syn aggregates. Interfering with PFF uptake seems unlikely, as PFFs were

shown to be uptaken very rapidly, within hours of application (Karpowicz et al., 2017), while we show
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that GDNF was equally effective when applied before and up to 4 days after PFF seeding. Interestingly
approximately 5 days after their addition, PFFs were reported to appear in the cytoplasm in neuronal
soma, recruiting endogenous a-syn into pSerl29-asyn positive aggregates (Apetri et al.,, 2016;
Karpowicz et al., 2017). As inhibition of lysosomal processing was shown to accelerate release of PFFs
to cytoplasm and recruitment of endogenous a-syn (Karpowicz et al., 2017), it is possible that RET/Akt
activation is altering the processing of the endocytosed fibrils and decreasing their chance of initiating
a-syn aggregation in cell soma. Alternatively, activation of GDNF/RET signaling could lead to enhanced
clearance of a-syn aggregates, which, if started early when aggregates are few and small, could prevent
snowballing increase of a-syn aggregation.

Altogether, our results, for the first time, demonstrate that GDNF/RET signaling can protect DA neurons
from pathological paSyn accumulation. Moreover, we show that treatment with neurotrophic factors,
or neurotrophic factor mimetics activating the correct intracellular pathways might be effective
specifically at the early stage of pathology. These results support early initiation of treatment with

neurotrophic factors or neurotrophic factor mimetic in PD patients.

Materials and Methods

Animal experiments

63-week-old C57BI/6NCrl mice (8 males, 6 females) were housed at a 12-hour light—dark cycle, with
free access to water and food. All stereotaxic injections were performed under 4% isoflurane. AAVs
(AAV1-DIO-iRFP or AAV-GDNF (Penttinen et al., 2018; Richie et al., 2017)) were injected to the SN (A/P
-3.3 mm, M/L-1.2 mm, D/V -4.9 mm from bregma; at 10° angle). One week later, 5 pg of a-syn PFFs (2

ug/uL in PBS) were injected to the striatum (A/P 0.7 mm, M/L -2.2 mm, D/V -3.0 mm from bregma).

15


https://doi.org/10.1101/752899

10

11

12

13

14

15

16

17

18

19

20

21

22

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

After 4 weeks, the brains were collected after anesthetization of the animals with sodium pentobarbital
(Orion Pharma, i.p. 90 mg/kg), followed by intracardial perfusion with PBS and 4% PFA. All animal
experiments were approved by the Finnish National Board of Animal Experiments (license number:
ESAVI/7812/04.10.07/2015) and were carried out according to the European legislation on the

protection of animals used for scientific purposes.

Immunohistochemistry of free-floating sections

The brains were sectioned as described in (Albert et al., 2019). Briefly, the brains were fixed with 4%
PFA, put into a 20% sucrose solution, frozen in a cryostat (Leica CM3050), cut into 40-um coronal
sections covering the striatum (approximately 1.5 to -0.8 mm relative to bregma) and the midbrain
(approximately -2.7 to -4.0 mm relative to bregma), and stored in 20% glycerol with 2% DMSO in PBS
at -20°C until immunostaining. Every sixth section was used for immunostaining. The sections were
thawed at room temperature (RT), rinsed with PBS and after 15 minutes blocking of endogenous
peroxidase (0.3% H,0; in 1:1 PBS:methanol), rinsed twice with 0.3% Triton X-100 in PBS (PBST) and
blocked for 1 hour with 5% normal horse serum (NHS; Vector, S-2000) in 0.3% PBST. Sections were
incubated with the first primary antibody (monoclonal rabbit anti-phosphoSer129-a-synuclein, Abcam,
ab51253; 1:10000) in NHS blocking buffer overnight, at +4°C. Next, sections were rinsed and incubated
with the secondary antibody (Vector Laboratories anti-rabbit or anti-mouse biotinylated secondary
antibody, PK-4001 and PK-4002; 1:500) in NHS blocking buffer for 1 hour, at RT. After rinsing, sections
were incubated in avidin-biotinylated horseradish peroxidase (ABC Kit, Vector Laboratories) in PBST for
20 minutes, rinsed, and developed with 3,3-diaminobenzidine-4 HCL (DAB) (DAB peroxidase substrate

kit, SK-4100, Vector Laboratories) in water for 2-5 minutes, rinsed with PBS. Following 15 minutes 0.3%
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H,0; blocking, sections were rinsed with PBST thrice. Then 15 minutes of Avidin and Biotin incubations
(Vector Laboratories, SP-2001) were done. Sections were rinsed thrice and incubated in the second
primary antibody (monoclonal mouse anti-TH, Millipore, MAB318; 1:3000) in NHS blocking buffer
overnight at +4°C. Same secondary staining steps were repeated except developing, which was done
with HistoGreen (HRP substrate kit, E109, Linaris) in water for 1-2 minutes. Sections were rinsed with
water and placed on coated glass slides. Slides were allowed to dehydrate overnight at RT and mounted
with Coverquick 2000 mounting medium. The slides were digitalized on Pannoramic P250 Flash Il Whole
Slide Scanner (3DHistech), with 20X magnification (extended focus, 0.22 um/pixel resolution). The
number of LB-like aggregates was counted manually, from 8-9 sections covering the SN.
Immunohistochemistry of the sections and quantification of LB-like aggregates were performed by

blinded experimenters.

Primary embryonic midbrain cultures

Ventral midbrain floors were isolated from wild-type NMRI E13.5 mouse embryos, as described in
(Planken et al., 2010). Cells were plated in microislands on 96-well plates and incubated in 5% CO2, at
37°C.

Recombinant mouse a-syn PFFs (5 mg/ml) were diluted 1:50 in PBS and sonicated at high power (10
cycles, 30 seconds on/ 30 seconds off) with Bioruptor sonicator (Diagenode, Liege, Belgium). On DIVS,
2.5 pg/mL of PFFs were added to cultures; 50 ng/ml recombinant GDNF protein (PeproTech, Rocky Hill,
NJ, USA or Prospec, CYT-305) was added on DIV8 or DIV12. PBS was used as control.

For pathway analyses, 2 uM SU6656 (Src kinase inhibitor) (Tocris, 6475), 10 uM LY294002 (PI-3 kinase

inhibitor) (Tocris, 1130), 10 uM U0126 (MEK1/2 inhibitor) (Tocris, 1144), 5 uM MK2206 (Akt kinase
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inhibitor) (Selleckchem, $1078) in DMSO were added on DIV12, ~45 minutes before GDNF treatment.
DMSO was used as vehicle control.
On DIV15 the cells were fixed 20 minutes at RT with 4% PFA and stored in PBS at +42C until

immunostaining. All experimental timelines are stated in corresponding figures.

Immunohistochemistry of primary embryonic midbrain cultures

Fixed plates were rinsed with PBS twice, followed by 15 minutes of permeabilization with 0.2% Triton
X-100in PBS (PBST) and 1 hour of blocking with 5% NHS in PBST. The incubation with primary antibodies
(monoclonal mouse anti-TH, Millipore, MAB318 or polyclonal sheep anti-TH, Millipore, ab1542;
monoclonal rabbit anti-phosphoSer129-a-synuclein, Abcam, ab51253; rabbit monoclonal anti-Alpha-
synuclein filament, Abcam, ab209538; all at 1:2000 dilution) in blocking solution was done at +49C
overnight. Thrice rinse with PBS was done before 1-hour incubation with secondary antibodies (donkey
anti-mouse AlexaFluor 488, Thermo Fisher Scientific, A21202 or donkey anti-mouse AlexaFluor 568,
Thermo Fisher Scientific, A10037; donkey anti-rabbit AlexaFluor 647, Thermo Fisher Scientific, A31573;
1:400), at RT. After PBS rinse, the cells were stained for 10 minutes with 200 ng/ml 4',6-diamidino-2-
phenylindole (DAPI). Plates were stored at +42C until imaging.

Imaging of primary cells in 96-well black view plates (PerkinElmer, 6005182) was performed with
Cellinsight CX5 High Content Scanner (Thermo Fisher Scientific) or ImageXpress Nano Automated
Imaging System (Molecular Devices), fitted with 10X objective. From each well 36 (Cellinsight CX5) or 9
(ImageXpress Nano) view fields were acquired, encompassing entire microisland culture.
Quantification of TH-positive cells with or without LB-like pasyn-positive aggregates was performed

with CellProfiler and CellAnalyst software packages (Carpenter et al., 2006; Jones et al., 2009; Jones et
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al., 2008). Detailed CellProfiler image analysis pipelines can be provided upon request. Briefly, the first
pipeline and CellProfilerAnalyst were used to quantify the numbers of TH-positive cells per well and
subsequently classify identified TH-positive cells into LB-positive and LB-negative, utilizing supervised

machine learning implemented in CellProfilerAnalyst.

Statistical analysis

In vitro data which was performed in multiple independent experiments (plates) was analyzed utilizing
randomized block ANOVA design, matching groups from different plates (Lew, 2007). Statistical
significance was calculated by mixed model one-way or two-way analysis of variance (ANOVA) followed
by Holm-Sidak’s multiple comparison test or one sample t test (vs ratio of control group. i.e. 1.0). Data
from in vivo experiment was tested with Mann-Whitney nonparametric test. All statistical analyses
were performed in GraphPad Prism 8.20 software (GraphPad Software, Inc). Data in text and figures

are represented as means + SD with individual data points plotted as overlay.
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Fig S1. GDNF treatment up to 4 days after PFF addition reduces the accumulation of a-synuclein
aggregates in cultured dopamine neurons.

Fig S2. GDNF does not prevent paSyn accumulation in hippocampal neurons.

Fig S3. Accumulation of LB-like pSer129 a-synuclein aggregates in the SN of PFF-injected mice with or

without GDNF overexpression.

20


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

Abdelmotilib, H., Maltbie, T., Delic, V., Liu, Z., Hu, X., Fraser, K.B., Moehle, M.S., Stoyka, L., Anabtawi, N.,
Krendelchtchikova, V., et al. (2017). alpha-Synuclein fibril-induced inclusion spread in rats and mice
correlates with dopaminergic Neurodegeneration. Neurobiol Dis 105, 84-98.

Albert, K., Voutilainen, M.H., Domanskyi, A., Piepponen, T.P., Ahola, S., Tuominen, R.K., Richie, C,,
Harvey, B.K., and Airavaara, M. (2019). Downregulation of tyrosine hydroxylase phenotype after AAV
injection above substantia nigra: Caution in experimental models of Parkinson's disease. Journal of
neuroscience research 97, 346-361.

Anderson, J.P., Walker, D.E., Goldstein, J.M., de Laat, R., Banducci, K., Caccavello, R.J., Barbour, R., Huang,
J., Kling, K., Lee, M., et al. (2006). Phosphorylation of Ser-129 is the dominant pathological modification
of alpha-synuclein in familial and sporadic Lewy body disease. J Biol Chem 281, 29739-29752.

Apetri, M.M., Harkes, R., Subramaniam, V., Canters, G.W., Schmidt, T., and Aartsma, T.J. (2016). Direct
Observation of alpha-Synuclein Amyloid Aggregates in Endocytic Vesicles of Neuroblastoma Cells. PLoS
One 11, e0153020.

Barker, R.A., Gotz, M., and Parmar, M. (2018). New approaches for brain repair-from rescue to
reprogramming. Nature 557, 329-334.

Bespalov, M.M,, Sidorova, Y.A., Tumova, S., Ahonen-Bishopp, A., Magalhaes, A.C., Kulesskiy, E., Paveliev,
M., Rivera, C., Rauvala, H., and Saarma, M. (2011). Heparan sulfate proteoglycan syndecan-3 is a novel
receptor for GDNF, neurturin, and artemin. J Cell Biol 192, 153-169.

Bieri, G., Gitler, A.D., and Brahic, M. (2018). Internalization, axonal transport and release of fibrillar forms

of alpha-synuclein. Neurobiol Dis 109, 219-225.

21


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Braak, H., Del Tredici, K., Rub, U., de Vos, R.A., Jansen Steur, E.N., and Braak, E. (2003). Staging of brain
pathology related to sporadic Parkinson's disease. Neurobiology of aging 24, 197-211.

Burbulla, L.F., Song, P., Mazzulli, J.R., Zampese, E., Wong, Y.C., Jeon, S., Santos, D.P., Blanz, J., Obermaier,
C.D,, Strojny, C., et al. (2017). Dopamine oxidation mediates mitochondrial and lysosomal dysfunction in
Parkinson's disease. Science 357, 1255-1261.

Carpenter, A.E., Jones, T.R., Lamprecht, M.R., Clarke, C., Kang, I.H., Friman, O., Guertin, D.A., Chang, J.H.,
Lindquist, R.A., Moffat, J., et al. (2006). CellProfiler: image analysis software for identifying and
guantifying cell phenotypes. Genome biology 7, R100.

Chtarto, A., Humbert-Claude, M., Bockstael, O., Das, A.T., Boutry, S., Breger, L.S., Klaver, B., Melas, C.,
Barroso-Chinea, P., Gonzalez-Hernandez, T., et al. (2016). A regulatable AAV vector mediating GDNF
biological effects at clinically-approved sub-antimicrobial doxycycline doses. Mol Ther Methods Clin Dev
5, 16027.

Decressac, M., Kadkhodaei, B., Mattsson, B., Laguna, A., Perlmann, T., and Bjorklund, A. (2012). alpha-
Synuclein-induced down-regulation of Nurrl disrupts GDNF signaling in nigral dopamine neurons. Sci
Transl Med 4, 163ral56.

Decressac, M., Mattsson, B., Weikop, P., Lundblad, M., Jakobsson, J., and Bjorklund, A. (2013). TFEB-
mediated autophagy rescues midbrain dopamine neurons from alpha-synuclein toxicity. Proc Natl Acad
SciUSA 110, E1817-1826.

Decressac, M., Ulusoy, A., Mattsson, B., Georgievska, B., Romero-Ramos, M., Kirik, D., and Bjorklund, A.
(2011). GDNF fails to exert neuroprotection in a rat alpha-synuclein model of Parkinson's disease. Brain

134, 2302-2311.

22


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Domanskyi, A., Saarma, M., and Airavaara, M. (2015). Prospects of Neurotrophic Factors for Parkinson's
Disease: Comparison of Protein and Gene Therapy. Hum Gene Ther 26, 550-559.

Doppler, K., Jentschke, H.M., Schulmeyer, L., Vadasz, D., Janzen, A., Luster, M., Hoffken, H., Mayer, G.,
Brumberg, J., Booij, J., et al. (2017). Dermal phospho-alpha-synuclein deposits confirm REM sleep
behaviour disorder as prodromal Parkinson's disease. Acta neuropathologica 133, 535-545.

Durbec, P., Marcos-Gutierrez, C.V., Kilkenny, C., Grigoriou, M., Wartiowaara, K., Suvanto, P., Smith, D.,
Ponder, B., Costantini, F., Saarma, M., and et al. (1996). GDNF signalling through the Ret receptor
tyrosine kinase. Nature 381, 789-793.

Fayard, E., Xue, G., Parcellier, A., Bozulic, L., and Hemmings, B.A. (2011). Protein Kinase B (PKB/Akt), a
Key Mediator of the PI3K Signaling Pathway. In Phosphoinositide 3-kinase in Health and Disease: Volume
1, C. Rommel, B. Vanhaesebroeck, and P.K. Vogt, eds. (Berlin, Heidelberg: Springer Berlin Heidelberg),
pp. 31-56.

Flavin, W.P., Bousset, L., Green, Z.C., Chu, Y., Skarpathiotis, S., Chaney, M.J., Kordower, J.H., Melki, R.,
and Campbell, E.M. (2017). Endocytic vesicle rupture is a conserved mechanism of cellular invasion by
amyloid proteins. Acta neuropathologica 134, 629-653.

Georgievska, B., Kirik, D., and Bjorklund, A. (2004). Overexpression of glial cell line-derived neurotrophic
factor using a lentiviral vector induces time- and dose-dependent downregulation of tyrosine
hydroxylase in the intact nigrostriatal dopamine system. J Neurosci 24, 6437-6445.

Hoffer, B.J., and Harvey, B.K. (2011). Is GDNF beneficial in Parkinson disease? Nat Rev Neurol 7, 600-602.
Huttunen, H.J., and Saarma, M. (2019). CDNF Protein Therapy in Parkinson's Disease. Cell Transplant 28,

349-366.

23


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Ivanova, L., Tammiku-Taul, J., Sidorova, Y., Saarma, M., and Karelson, M. (2018). Small-Molecule Ligands
as Potential GDNF Family Receptor Agonists. ACS Omega 3, 1022-1030.

Jankovic, J., Goodman, I., Safirstein, B., Marmon, T.K., Schenk, D.B., Koller, M., Zago, W., Ness, D.K.,
Griffith, S.G., Grundman, M., et al. (2018). Safety and Tolerability of Multiple Ascending Doses of
PRX002/RG7935, an Anti-alpha-Synuclein Monoclonal Antibody, in Patients With Parkinson Disease: A
Randomized Clinical Trial. JAMA Neurol 75, 1206-1214.

Jing, S., Wen, D., Yu, Y., Holst, P.L., Luo, Y., Fang, M., Tamir, R., Antonio, L., Hu, Z., Cupples, R., et al.
(1996). GDNF-induced activation of the ret protein tyrosine kinase is mediated by GDNFR-alpha, a novel
receptor for GDNF. Cell 85, 1113-1124.

Jones, T.R., Carpenter, A.E., Lamprecht, M.R., Moffat, J., Silver, S.J., Grenier, J.K., Castoreno, A.B., Eggert,
U.S., Root, D.E., Golland, P., and Sabatini, D.M. (2009). Scoring diverse cellular morphologies in image-
based screens with iterative feedback and machine learning. Proc Natl Acad Sci U S A 106, 1826-1831.
Jones, T.R., Kang, I.H., Wheeler, D.B., Lindquist, R.A., Papallo, A., Sabatini, D.M., Golland, P., and
Carpenter, A.E. (2008). CellProfiler Analyst: data exploration and analysis software for complex image-
based screens. BMC Bioinformatics 9, 482.

Jung, H.S., Kim, D.W,, Jo, Y.S., Chung, H.K., Song, J.H., Park, J.S., Park, K.C., Park, S.H., Hwang, J.H., Jo,
K.W., and Shong, M. (2005). Regulation of protein kinase B tyrosine phosphorylation by thyroid-specific
oncogenic RET/PTC kinases. Molecular endocrinology 19, 2748-2759.

Kang, U.J., Boehme, A K., Fairfoul, G., Shahnawaz, M., Ma, T.C., Hutten, S.J., Green, A., and Soto, C.
(2019). Comparative study of cerebrospinal fluid alpha-synuclein seeding aggregation assays for

diagnosis of Parkinson's disease. Mov Disord 34, 536-544.

24


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Karpowicz, R.J., Jr., Haney, C.M., Mihaila, T.S., Sandler, R.M., Petersson, E.J., and Lee, V.M. (2017).
Selective imaging of internalized proteopathic alpha-synuclein seeds in primary neurons reveals
mechanistic insight into transmission of synucleinopathies. J Biol Chem 292, 13482-13497.

Kirik, D., Rosenblad, C., Bjorklund, A., and Mandel, R.J. (2000). Long-term rAAV-mediated gene transfer
of GDNF in the rat Parkinson's model: intrastriatal but not intranigral transduction promotes functional
regeneration in the lesioned nigrostriatal system. J Neurosci 20, 4686-4700.

Kopra, J.J., Panhelainen, A., Af Bjerken, S., Porokuokka, L.L., Varendi, K., Olfat, S., Montonen, H.,
Piepponen, T.P., Saarma, M., and Andressoo, J.0. (2017). Dampened Amphetamine-Stimulated Behavior
and Altered Dopamine Transporter Function in the Absence of Brain GDNF. J Neurosci 37, 1581-1590.
Kordower, J.H., Chu, Y., Hauser, R.A,, Freeman, T.B., and Olanow, C.W. (2008). Lewy body-like pathology
in long-term embryonic nigral transplants in Parkinson's disease. Nat Med 14, 504-506.

Kordower, J.H., Olanow, C.W., Dodiya, H.B., Chu, Y., Beach, T.G., Adler, C.H., Halliday, G.M., and Bartus,
R.T. (2013). Disease duration and the integrity of the nigrostriatal system in Parkinson's disease. Brain
136, 2419-2431.

Kramer, E.R., and Liss, B. (2015). GDNF-Ret signaling in midbrain dopaminergic neurons and its
implication for Parkinson disease. FEBS Lett 589, 3760-3772.

Lashuel, H.A., Overk, C.R., Oueslati, A., and Masliah, E. (2013). The many faces of alpha-synuclein: from
structure and toxicity to therapeutic target. Nat Rev Neurosci 14, 38-48.

Lee, M.K., Stirling, W., Xu, Y., Xu, X., Qui, D., Mandir, A.S., Dawson, T.M., Copeland, N.G., Jenkins, N.A,,
and Price, D.L. (2002). Human alpha-synuclein-harboring familial Parkinson's disease-linked Ala-53 -->
Thr mutation causes neurodegenerative disease with alpha-synuclein aggregation in transgenic mice.

Proc Natl Acad Sci U S A 99, 8968-8973.

25


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Lew, M. (2007). Good statistical practice in pharmacology. Problem 2. British journal of pharmacology
152, 299-303.

Li, J.Y., Englund, E., Holton, J.L., Soulet, D., Hagell, P., Lees, A.J., Lashley, T., Quinn, N.P., Rehncrona, S.,
Bjorklund, A., et al. (2008). Lewy bodies in grafted neurons in subjects with Parkinson's disease suggest
host-to-graft disease propagation. Nat Med 14, 501-503.

Lin, L.F., Doherty, D.H., Lile, J.D., Bektesh, S., and Collins, F. (1993). GDNF: a glial cell line-derived
neurotrophic factor for midbrain dopaminergic neurons. Science 260, 1130-1132.

Lo Bianco, C., Deglon, N., Pralong, W., and Aebischer, P. (2004). Lentiviral nigral delivery of GDNF does
not prevent neurodegeneration in a genetic rat model of Parkinson's disease. Neurobiol Dis 17, 283-289.
Lodeiro, M., Alen, B.O., Mosteiro, C.S., Beiroa, D., Nogueiras, R., Theodoropoulou, M., Pardo, M., Gallego,
R., Pazos, Y., Casanueva, F.F., and Camina, J.P. (2011). The SHP-1 protein tyrosine phosphatase negatively
modulates Akt signaling in the ghrelin/GHSR1a system. Molecular biology of the cell 22, 4182-4191.
Luk, K.C., Kehm, V., Carroll, J., Zhang, B., O'Brien, P., Trojanowski, J.Q., and Lee, V.M. (2012). Pathological
alpha-synuclein transmission initiates Parkinson-like neurodegeneration in nontransgenic mice. Science
338, 949-953.

Mahajan, K., and Mahajan, N.P. (2012). PI3K-independent AKT activation in cancers: a treasure trove for
novel therapeutics. J Cell Physiol 227, 3178-3184.

Manning, B.D., and Toker, A. (2017). AKT/PKB Signaling: Navigating the Network. Cell 169, 381-405.
Meuillet, E.J. (2011). Novel inhibitors of AKT: assessment of a different approach targeting the pleckstrin
homology domain. Current medicinal chemistry 18, 2727-2742.

Mijatovic, J., Airavaara, M., Planken, A., Auvinen, P., Raasmaja, A., Piepponen, T.P., Costantini, F., Ahtee,

L., and Saarma, M. (2007). Constitutive Ret activity in knock-in multiple endocrine neoplasia type B mice

26


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

induces profound elevation of brain dopamine concentration via enhanced synthesis and increases the
number of TH-positive cells in the substantia nigra. J Neurosci 27, 4799-4809.

Mijatovic, J., Piltonen, M., Alberton, P., Mannisto, P.T., Saarma, M., and Piepponen, T.P. (2011).
Constitutive Ret signaling is protective for dopaminergic cell bodies but not for axonal terminals.
Neurobiology of aging 32, 1486-1494.

Moore, M.W., Klein, R.D., Farinas, I., Sauer, H., Armanini, M., Phillips, H., Reichardt, L.F., Ryan, A.M.,
Carver-Moore, K., and Rosenthal, A. (1996). Renal and neuronal abnormalities in mice lacking GDNF.
Nature 382, 76-79.

Paratcha, G., Ledda, F., and Ibanez, C.F. (2003). The neural cell adhesion molecule NCAM is an alternative
signaling receptor for GDNF family ligands. Cell 113, 867-879.

Paul, G., and Sullivan, A.M. (2019). Trophic factors for Parkinson's disease: Where are we and where do
we go from here? The European journal of neuroscience 49, 440-452.

Paumier, K.L., Luk, K.C., Manfredsson, F.P., Kanaan, N.M., Lipton, J.W., Collier, T.J., Steece-Collier, K.,
Kemp, C.J., Celano, S., Schulz, E., et al. (2015). Intrastriatal injection of pre-formed mouse alpha-synuclein
fibrils into rats triggers alpha-synuclein pathology and bilateral nigrostriatal degeneration. Neurobiol Dis
82, 185-199.

Penttinen, A.M., Parkkinen, I., Voutilainen, M.H., Koskela, M., Back, S., Their, A., Richie, C.T., Domanskyi,
A., Harvey, B.K., Tuominen, R.K,, et al. (2018). Pre-alpha-pro-GDNF and Pre-beta-pro-GDNF Isoforms Are
Neuroprotective in the 6-hydroxydopamine Rat Model of Parkinson's Disease. Front Neurol 9, 457.
Planken, A., Porokuokka, L.L., Hanninen, A.L., Tuominen, R.K., and Andressoo, J.0. (2010). Medium-
throughput computer aided micro-island method to assay embryonic dopaminergic neuron cultures in

vitro. Journal of neuroscience methods 194, 122-131.

27


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Richfield, E.K., Thiruchelvam, M.J., Cory-Slechta, D.A., Wuertzer, C., Gainetdinov, R.R., Caron, M.G., Di
Monte, D.A., and Federoff, H.J. (2002). Behavioral and neurochemical effects of wild-type and mutated
human alpha-synuclein in transgenic mice. Exp Neurol 175, 35-48.

Richie, C.T., Whitaker, L.R., Whitaker, K.W., Necarsulmer, J., Baldwin, H.A., Zhang, Y., Fortuno, L., Hinkle,
J.J., Koivula, P., Henderson, M.J., et al. (2017). Near-infrared fluorescent protein iRFP713 as a reporter
protein for optogenetic vectors, a transgenic Cre-reporter rat, and other neuronal studies. Journal of
neuroscience methods 284, 1-14.

Sidorova, Y.A., Bespalov, M.M., Wong, A.W., Kambur, O., Jokinen, V., Lilius, T.O., Suleymanova, I.,
Karelson, G., Rauhala, P.V., Karelson, M., et al. (2017). A Novel Small Molecule GDNF Receptor RET
Agonist, BT13, Promotes Neurite Growth from Sensory Neurons in Vitro and Attenuates Experimental
Neuropathy in the Rat. Front Pharmacol 8, 365.

Spillantini, M.G., Schmidt, M.L., Lee, V.M., Trojanowski, J.Q., Jakes, R., and Goedert, M. (1997). Alpha-
synuclein in Lewy bodies. Nature 388, 839-840.

Su, X., Fischer, D.L,, Li, X., Bankiewicz, K., Sortwell, C.E., and Federoff, H.J. (2017). Alpha-Synuclein mRNA
Is Not Increased in Sporadic PD and Alpha-Synuclein Accumulation Does Not Block GDNF Signaling in
Parkinson's Disease and Disease Models. Mol Ther 25, 2231-2235.

Surmeier, D.J., Obeso, J.A., and Halliday, G.M. (2017). Selective neuronal vulnerability in Parkinson
disease. Nat Rev Neurosci 18, 101-113.

Tapias, V., Hu, X., Luk, K.C., Sanders, L.H., Lee, V.M., and Greenamyre, J.T. (2017). Synthetic alpha-
synuclein fibrils cause mitochondrial impairment and selective dopamine neurodegeneration in part via

iNOS-mediated nitric oxide production. Cell Mol Life Sci 74, 2851-2874.

28


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Tenenbaum, L., and Humbert-Claude, M. (2017). Glial Cell Line-Derived Neurotrophic Factor Gene
Delivery in Parkinson's Disease: A Delicate Balance between Neuroprotection, Trophic Effects, and
Unwanted Compensatory Mechanisms. Front Neuroanat 11, 29.

Thiruchelvam, M.J., Powers, J.M., Cory-Slechta, D.A., and Richfield, E.K. (2004). Risk factors for
dopaminergic neuron loss in human alpha-synuclein transgenic mice. The European journal of
neuroscience 19, 845-854.

Treanor, J.J.,, Goodman, L., de Sauvage, F., Stone, D.M., Poulsen, K.T., Beck, C.D., Gray, C., Armanini, M.P.,
Pollock, R.A., Hefti, F., et al. (1996). Characterization of a multicomponent receptor for GDNF. Nature
382, 80-83.

Trupp, M., Arenas, E., Fainzilber, M., Nilsson, A.S., Sieber, B.A., Grigoriou, M., Kilkenny, C., Salazar-
Grueso, E., Pachnis, V., and Arumae, U. (1996). Functional receptor for GDNF encoded by the c-ret proto-
oncogene. Nature 381, 785-789.

Weihofen, A,, Liu, Y., Arndt, J.W., Huy, C., Quan, C., Smith, B.A., Baeriswyl, J.L., Cavegn, N., Senn, L., Su,
L, et al. (2019). Development of an aggregate-selective, human-derived alpha-synuclein antibody
BIIBO54 that ameliorates disease phenotypes in Parkinson's disease models. Neurobiol Dis 124, 276-288.
Venda, L.L., Cragg, S.J., Buchman, V.L., and Wade-Martins, R. (2010). alpha-Synuclein and dopamine at
the crossroads of Parkinson's disease. Trends in neurosciences 33, 559-568.

Whone, A., Luz, M., Boca, M., Woolley, M., Mooney, L., Dharia, S., Broadfoot, J., Cronin, D., Schroers, C.,
Barua, N.U., et al. (2019a). Randomized trial of intermittent intraputamenal glial cell line-derived

neurotrophic factor in Parkinson's disease. Brain 142, 512-525.

29


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Whone, A.L., Boca, M., Luz, M., Woolley, M., Mooney, L., Dharia, S., Broadfoot, J., Cronin, D., Schroers,
C., Barua, N.U,, et al. (2019b). Extended Treatment with Glial Cell Line-Derived Neurotrophic Factor in
Parkinson's Disease. J Parkinsons Dis 9, 301-313.

Volpicelli-Daley, L.A., Luk, K.C., and Lee, V.M. (2014). Addition of exogenous alpha-synuclein preformed
fibrils to primary neuronal cultures to seed recruitment of endogenous alpha-synuclein to Lewy body
and Lewy neurite-like aggregates. Nat Protoc 9, 2135-2146.

Volpicelli-Daley, L.A., Luk, K.C., Patel, T.P., Tanik, S.A., Riddle, D.M., Stieber, A., Meaney, D.F,,
Trojanowski, J.Q., and Lee, V.M. (2011). Exogenous alpha-synuclein fibrils induce Lewy body pathology
leading to synaptic dysfunction and neuron death. Neuron 72, 57-71.

Wong, Y.C., and Krainc, D. (2017). alpha-synuclein toxicity in neurodegeneration: mechanism and
therapeutic strategies. Nat Med 23, 1-13.

Xing, Y., Lin, N.U., Maurer, M.A., Chen, H., Mahvash, A., Sahin, A., Akcakanat, A., Li, Y., Abramson, V.,
Litton, J., et al. (2019). Phase Il trial of AKT inhibitor MK-2206 in patients with advanced breast cancer
who have tumors with PIK3CA or AKT mutations, and/or PTEN loss/PTEN mutation. Breast Cancer Res

21, 78.

30


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Acknowledgements: We thank Prof. Mart Saarma for critical comments and suggestions during
implementation of this project, Congjun Zheng for establishing and culturing neuronal cells, Aastha Singh
for experiments with hippocampal neurons, and the Light Microscopy Unit and HistoScanner service at
the Institute of Biotechnology, University of Helsinki, for imaging immunostained cells and tissue
sections. This work was supported by grants from 3i-Regeneration by Tekes (Finnish Funding Agency for

Innovation), Academy of Finland #309489, #293392, #319195; and Sigrid Juselius Foundation.

Author contributions: P.C. and S.E. designed and performed most of the experiments, analyzed the data
and wrote the manuscript together with A.D.; J.K. and L.B helped with the experiments and data analysis;
I.H. assisted with the in vitro experiments on dopamine cultures; K.A. designed and performed the animal
experiments and proof-read the manuscript; A.P. helped with the design and execution of in vitro
experiments with PFFs and hippocampal cultures; K.L. provided the PFFs and proof-read the manuscript;

M.A. and A.D. supervised the research and provided critical feedback for the article.

Declaration of interests: Authors declare no conflicting interests.

Data and materials availability: All data associated with this study are available in the main text or the

supplementary materials.

31


https://doi.org/10.1101/752899

bioRxiv preprint doi: https://doi.org/10.1101/752899; this version posted September 2, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure Legends

Figure 1. GDNF reduces accumulation of a-synuclein aggregates in cultured dopamine neurons. (A)
Selected images depicting progressive accumulation of phosphorylated (at Ser129) a-synuclein (paSyn)
in midbrain neuronal cultures. a-synuclein aggregation was seeded with pre-formed fibrils (PFFs) at Day
In Vitro (DIV) 8 and assessed by immunofluorescent staining on cultures fixed 4h, 3d, 5d and 7d after
seeding. First paSyn aggregates (green) can be seen at DIV11 outside of dopamine neurons’ soma
(immunostained with anti-tyrosine hydroxylase (TH, red) antibody). Large intrasomal aggregates of
paSyn in fraction of dopamine neurons can be seen at DIV15 (7 days post PFF addition). (B) Neither PFFs
no GDNF treatment (started at DIV8) affected dopamine neuron survival. (C) GDNF added 1h after PFFs
significantly reduced number of dopamine neurons harboring Lewy Body-like intrasomal paSyn
aggregates (ratio paired t test). (D) Selected images of control (top) and PFF treated cells at DIV15 (7
days post PFF addition) from vehicle (middle) or GDNF treated (bottom) groups. ***p<0.001, n=5

independent experiments. Data are mean £SD. Scale bars, 50 um.

Figure 2. Lentivirus-mediated overexpression of GDNF reduces accumulation of paSyn and misfolded
a-syn in cultured dopamine neurons. (A) Compared to control (PFFs only) and LV-GFP (control vector),
LV-GDNF reduces number of dopamine cells with misfolded a-syn, detected by a-syn filament antibody.
(B-E) All the groups shown at graphs had PFF treatment on DIV8. (B) Quantification of TH-positive cells
with aggregated a-syn shows that the number of cells with aggregates were significantly lower at the
group transduced with LV-GDNF, 3 days before PFFs (ratio paired t test). (C) Dopamine cell survival
assessed by number of TH-positive cells was not affected by either lentivirus vector. (D) LV-GDNF added

8 or 3 days before, or 1 day after PFFs significantly reduces number of dopamine cells with paSyn in their
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soma (mixed effect ANOVA, Holm-Sidak’s multiple comparison test). (E) Dopamine cell survival assessed
by number of TH-positive cells was not affected by either vector or different time points of transduction.

**p<0.01, ***p<0.001, n=2-6 independent experiments. Data are mean £SD. Scale bar, 50 um.

Figure 3. AAV-mediated overexpression of GDNF in vivo prevents accumulation of a-synuclein
aggregates in the substantia nigra. (A) AAV-DIO-RFP (control) or AAV-GDNF was injected to the
substantia nigra (SN), unilaterally. A week later, PFFs were injected to the striatum (STR), at the same
side of the brain, and the brains were collected four week afterwards. (B) GDNF overexpression in the
SN significantly reduces number of LB-like aggregates assessed by immunostaining for mouse paSyn
(Mann-Whitney test). (C) GDNF overexpression in the SN had only local effect and did not affect other
brain regions (cortex, striatum, amygdala) in which paSyn positive aggregates were detected. Scale bars,
50 um. (D) Selected images depicting progressive accumulation of mouse paSyn in TH-positive cells in
the SN and (E) reduction in the number of paSyn positive aggregates after GDNF overexpression. Scale
bars, 100 um, 20 um and 10 um, respectively. **p<0.01, n=7 animals (7-9 sections per animal). Data are

mean #SD.

Figure 4. RET is essential for GDNF-dependent reduction of paSyn accumulation in dopamine neurons
(A) Compared to control groups (no LVs and lentiCRISPR with scrambled (SCR) sgRNA), delivery of
lentiCRISPR with sgRNA targeting Ret completely abolished the effect of GDNF protein on paSyn
aggregation (mixed model ANOVA and Holm-Sidak’s multiple comparison test). (B, F) Dopamine cell

survival assessed by number of TH-positive cells was not affected by any of the treatments or lentiCRISPR
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vectors. (C) Selected images depicting progressive accumulation of paSyn in TH-positive cells (control,
top), reduction of aggregates after GDNF protein treatment (positive control, middle), and abolishment
of GDNF effect in the presence of CRISPR-Cas9 targeting Ret (down). (D) For each individual lentiCRISPR
vector, spCas9 and mCherry-NLS reporter were expressed under human Synapsin (hSyn) promoter and
sgRNA under U6 promoter. Lentivirus vectors were added 3 days before PFFs and 7 days before GDNF
protein. (E) Lentivirus-mediated overexpression of constitutively active RET mutant (RET51_M918T)
reduced paSyn aggregation in TH-positive cells (mixed model ANOVA and Holm-Sidak’s multiple
comparison test). (G) EGFP (control), GNDF, RET_wt RET51_M918T, RET_E921K (kinase dead mutant)
proteins were delivered to dopamine neurons by lentivirus vector transduction and overexpressed under
hSyn promoter, 8 days prior to addition of PFFs. *p<0.05, **p<0.01, ***p<0.001, n=3-5 independent

experiments. Data are mean +SD. Scale bars, 50 um.

Figure 5. GDNF/RET effects on a-syn accumulation require Src and Akt activation. Dopamine neurons
exposed to PFFs at Day In Vitro (DIV) 8 were treated at DIV12 with GDNF alone or after 45 minutes
pretreatment with SRC, PI3K and MEK1/2, Akt inhibitors. (A) Quantification of large intrasomal
aggregates of paSyn in dopamine (TH-positive) cells. GDNF caused similar reduction of paSyn aggregates
in TH-positive cells when administered 4 days after PFFs as in previous experiments. Treatment with SRC
inhibitor SU6656 abolished the effects of GDNF, while PI3K inhibition with LY294002 increased number
of paSyn positive dopamine cells; however, it did not abolish GDNF effect. Addition of U0126, a MEK1/2
inhibitor, did not affected GDNF effect on paSyn accumulation in TH-positive cells (mixed effect ANOVA

and Holm-Sidak’s multiple comparison test or one sample t test). (B) Dopamine cell survival assessed by
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number of TH-positive cells was not significantly affected by treatments. (C) MK2206, a direct allosteric
Akt inhibitor attenuated GDNF effect on paSyn accumulation in TH-positive cells (mixed effect ANOVA
and Holm-Sidak’s multiple comparison test or one sample t test). (D) MK2206 also negatively affected
dopamine cell survival which could be partially rescued by GDNF (mixed effect ANOVA and Holm-Sidak’s
multiple comparison test or one sample t test). (E) Schematic timeline for all pathway inhibitors
experiments. (F) Simplified scheme of intracellular GDNF/RET signaling with highlighted elements
mediating effects on paSyn accumulation. Increase of paSyn after blockade of PI3K demonstrates its role
in early steps of paSyn accumulation after PFF treatment. However, the effect of GDNF could only be
partially blocked by inhibiting PI3K. In contrast, complete abolishment of GDNF effect after Src inhibition
suggest a critical role of non-canonical direct Src-mediated Akt activation or Akt-independent pathways.

*p<0.05, **p<0.01, ***p<0.001, n=3-5 independent experiments. Data are mean £SD.
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