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Abstract

Parkinson’s Disease (PD) is the second most common and complex
neurodegenerative disorder, mainly characterized by the presence of cytoplasmic
inclusions called Lewy Bodies, and the loss of dopaminergic neurons in Substantia
Nigra pars compacta. Astrocytes constitute the most abundant glial subtype in the
brain covering essential functions for brain homeostasis and neuronal health. It has
been recently reported that dysfunction of the astrocyte biology in the midbrain can
derive to the dopaminergic neurons damage and further PD spreading. In this study,
we used two different models to mimic PD: an in vitro chimera with rat cells and
human Lewy body extracts (LB) and human iPS-derived astrocytes from PD patients.
Through the use of modern technologies like microfluidic, machine learning, and
molecular characterization of a-syn oligomers (AS-PLA) we aimed to understand the
role of astrocytes in the onset and spreading of the PD and to decipher the cellular

mechanism that characterize the astrocyte metabolism in the pathology.

Using an in vitro chimera with rat cells and human LB extracts, we have confirmed
that both rat neurons and astrocytes internalize exogenous ha-syn by endocytosis,
resulting in an increase of neuronal toxicity but astrocyte resistance. Indeed,
astrocytes exhibit an increase in lysosomal activity and activate mitochondrial
metabolism in response to the internalization of exogenous ha-syn as shown by the
increase of basal respiration and ATP production. Moreover, we have demonstrated
that exogenous ha-syn can be transported intercellularly and that interestingly, when
transported from astrocytes to neurons activate an apoptotic mechanism in neurons.
We explain the activation of neuronal death because of the lower lysosomal activity in

the neurons and by the activation of endogenous a-syn translation.

Finally, we have generated and characterized human iPS-derived astrocytes from

6201% mutation, which constitutes the most common

PD patients carrying LRRK2
mutation of the familiar forms of PD. These PD astrocytes display an atrophic
morphology, with less complexity and altered mitochondrial functionality which results
in an altered morphology and higher basal protein oxidation. As a consequence, PD
astrocytes show a reduced mitochondrial metabolism and increased glycolitic activity.

Finally, as a consequence of the alteration of astrocytic metabolism, we demonstrated

X1l
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that PD astrocytes when co-cultured with healthy rat neurons increased the risk of

neuronal death.

We can conclude that dysfunctional astrocytes cover an essential role in the onset

620155 1y ytation

and progression of PD. Both the accumulation of a-syn and the LRRK2
induce mitochondrial unbalance leading to cell autonomous and non-autonomous
damage and final neuronal degeneration. This study proposes a new possible
therapeutic target directed to sustain the astrocytic functionality. Further experiments
are needed to establish the pathways that astrocytes directly distress to induce the

dopaminergic death.
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Highlights

Modern technologies like microfluidic, machine learning, and molecular
characterization of a-syn oligomers (AS-PLA) have been used to decipher the role

and cellular mechanism of the astrocyte in PD.

In an in vitro chimera with rat cells and human Lewy body extracts (LB), rat
astrocytes are resistant to ha-synuclein but increase neuronal toxicity following ha-

syn transport to neurons.

In human iPSc-derived astrocytes, atrophic morphology and unbalance of
mitochondrial metabolism, morphology and localization constitute important

hallmarks of LRRK2%°**® phenotype.
Our results suggest that alteration of astrocytic metabolism and function that is

reflected in atrophic morphology, can participate to the neuronal death and PD

progression.
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Introduction

1. Parkinson’s Disease

1.1 Prevalence and symptoms

Parkinson’s Disease (PD) is the second most common and complex
neurodegenerative disorder with unknown etiology. The first detailed description of
Parkinson’s disease was made almost two centuries ago by James Parkinson (An Essay
on the shaking palsy, 1817). Nevertheless, the conceptualization of the disease is still

debated.

Age is the principal risk factor for PD, being present in 1% of people over the age
of 65 years and rising up to 3% at the age of 80. Even if it is idiopathic in most of the
cases, between the 5 and 10% of the cases represent familial forms of PD. In these
cases, an earlier onset is possible but the age remains an additional risk factor (Crosiers
et al.,, 2011). Other risk factors are represented by the exposure to environmental
toxins, such as 1-methyl-4-phenyl-1,2,3,6-tetrahy- dropyridine (MPTP) or paraquat,
head trauma or sex (men have more than 50% more probability to develop PD)

(Antony et al., 2013).

The clinical evolution of PD is characterized by bradykinesia, resting tremor,
rigidity, and postural instability, being bradykinesia the necessary condition for the
diagnosis (Ling et al.,, 2012). In addition to these motor symptoms, many patients
experience a wide range of non-motor symptoms that sometimes even precede the
typical movement disorder, such as constipation, hyposmia, sleep disturbances or

depression (Tab.1).

Motor symptoms of PD Non-motor symptoms
Resting tremor Constipation

Rigidity Autonomic dysfunction
Bradykinesia Impaired olfaction
Postural instability Dementia

Festinating gait Depression

Micrographia Sleep disorders

Masked facies Impulse control disorders
Retropulsion Psychosis

Hypophonic speech

Table 1. Clinical syndrome of PD. Motor and non-motor symptoms (Jakel and Stacy, 2014).
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Pathologically, two major hallmarks identify PD: the progressive death of
dopaminergic neurons in the substantia nigra pars compacta (SNpc), leading to the
depletion of dopamine (DA) release in the striatum (Mercuri and Bernardi, 2005), and
the appearance of protein deposits called Lewy bodies (LB). The latter are abnormal
eosinophilic protein deposits whose primary structural component is the misfolded a-
synuclein (a-syn) (Spillantini et al., 1997; Ross and Poirier, 2004; Desplats et al., 2009;
Obeso et al., 2010) (Fig. 1). These features make PD an irreversible and, at the present,

an incurable disease.

A B
- -
i
‘ b -

500pum

Figure 1. Pathological hallmarks of PD. A) Dopaminergic neuronal death in the SNpc and B)

cytoplasmic inclusions, Lewy Bodies.

1.2 Treatments

Currently, all treatments for PD are palliative and not curative. Indeed, the therapy

is dedicated to maximize patients” quality of life and minimize disability.

Levodopa (L-dopa), the main dopamine precursor, is the most potent drug for
controlling PD symptoms, particularly those related to bradikynesia. It alleviates the
symptoms for approximately 5 years (Jankovic et al., 2002). After that time, the
majority of the patients experience diverse adverse effects, predominantly motor
fluctuations and dyskinesia (Jankovic et al., 2005). In addition to L-dopa, also dopamine
agonists, catechol-o-metyltranspherase (COMT) inhibitors, or anticholinergic drugs
may be used concomitantly depending on the clinical profile of the patient. Also

neurological surgery has become a therapeutic strategy to ameliorate the PD
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symptoms. Currently, deep brain stimulation (DBS) of the basal ganglia is considered

the best alternative for disabling PD relative symptoms (Jankovic and Aguilar, 2008).

Finally, in the last couple of years, PD symptoms and tremor is reduced by using
“High Intensitive Focused Ultrasound” (HIFU). This innovative technique is based on
the inactivation of the subthalamic nucleus using high frequency ultrasound and is
completely non-invasive and definitive (Bauer et al., 2014). In the last decade, several
groups initiated cell therapy by fetal stem cells transplantation that ameliorated the
symptoms after a short time evaluation but failed at longer time after the

transplantation (Smith, 2016).

2. Alpha synuclein in Parkinson’s Disease

2.1 Alpha synuclein biology

a-Synuclein is a 14kDa protein composed of 140 amino acids and encoded by
SNCA gene (Tamguney and Korczyn, 2018). It is composed of three domains, an a-
helical amino terminus, a non-amyloid component (NAC), and an unstructured carboxy
terminus. These domains are essential for the pathogenic progress observed in PD and
other synucleinopathies. The amino terminus of a-syn forms an a-helical structure that
binds to protein interactors or lipid membranes (Kim et al., 2014; Narkiewicz et al.,

2014; Lawand et al., 2015).

Although the exact function of a-syn is unknown, its high concentration in
presynaptic terminals (Volpicelli-Daley et al., 2011; Narkiewicz et al., 2014; Renner and
Melki, 2014) and its co-localization with the reserve pool of synaptic vesicles (Lee et al.
2008), support the idea that a-syn may contribute to the cycling of synaptic vesicles.
Suggested roles of a-syn are the modulation of vesicle pool size, mobilization or

endocytosis (Bendor et al. 2013; Vargas et al. 2014).
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Some studies suggest that a-syn is involved in the control of synaptic membrane
processes (Bellucci et al.,, 2012) and participates in the control of neurotransmitter
release via interactions with members of the SNARE family (Tsigelny et al., 2012).
According to other studies, a-syn could also be transported in the nucleus (Goers et al.
2003; Huang et al. 2011) and modulate some mitochondrial transcription factors
having a negative impact on mitochondria homeostasis (Desplats et al. 2012; Siddiqu

et al. 2012).

However, the precise physiological functions of a-syn remain uncertain and

studies are often conflicting (Luk et al., 2009).

Soluble a-syn is natively unstructured and monomeric. Emerging biophysical and
biochemical studies have demonstrated that interaction between a-syn and lipids
influences a-syn oligomerization and aggregation revealing the toxic function of the

aggregates.
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Figure 2. Alpha synuclein aggregation stages. Different stages of the aggregation of a-syn,
from monomeric species to fibrils, through oligomers, the suspected toxic species (Mochizuki

et al., 2018).

a-Syn is able to turn into oligomeric and/or fibrillar conformations in particular
pathological conditions, including gene mutations of SNCA, decreased rate of

clearance, oxidative stress, iron concentration, or posttranslational modifications
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(Lawand et al, 2015; Sian-Hulsmann et al.,, 2015) (Fig. 2). In particular,
posttranslational modifications of a-syn, such as phosphorylation (mostly in the serine
residue S129J), ubiquitination, acetylation, sumoylation, and nitration, have been
observed to alter the structure and function of a-syn, and are related to a-syn
aggregation and neurotoxicity (Hodara et al., 2004; Kim et al., 2014; Hasegawa et al.,
2017). Moreover, the three most common SNCA point mutations (A30P, E46K and
A53P) accelerate a-syn aggregation in vitro. This suggests that a-syn is heavily
implicated in the pathogenesis of PD, both in familial and sporadic cases (Smith et al.,

2005; Angot et al., 2012).

2.2 o-syn mediated toxicity: Oligomers vs fibrils

To understand the pathological implication of a-syn in PD we must look at its
conformation. As described by Spillantini and colleagues (1998) a-syn is one of the
main proteic component of LB, but the pathological role of a-syn in PD is still debated
(Bengoa-Vergniory et al., 2017). Surprisingly, Lewy bodies have been found in post-
mortem brain of neurologically normal individuals over 60 with a high rate of
approximately 10% (Frigerio et al., 2011; Parkkinen, 2005). Moreover, in some cases
Lewy bodies found in patients correlate poorly with the severity of symptoms such as
cognitive impairment and dementia. Finally, PD carrying familial mutations in the

G2019S

parkin gene and with the LRRK2 mutation, show neuronal degeneration in the

absence of Lewy body formation (Colosimo et al., 2003; Parkkinen, 2008).

These evidences suggest the importance of an ultrastructural study of a-syn
conformations. In vitro and in vivo data suggest that oligomers may represent toxic
conformations of the protein. For example, a-syn oligomers generated in vitro or by
recombinant overexpression may induce cell death in human H4 neuroglioma cells
(Outeiro et al., 2008; Bengoa-Vergniory et al., 2017). Moreover, mice overexpressing
the artificial a-syn variants E57K and E35K, engineered to promote oligomer formation,
displayed a more severe loss of dopaminergic neurons as compared to regular a-syn

transgenic mice, overexpressing wild-type a-syn (Winner et al., 2011).
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More recent studies proposed that post-fibrillization of a-syn C-terminal
truncation mediated by calpains 1 and 2 plays critical roles in fibrillation, cell toxicity
and LB maturation (Mahul-Mellier et al., 2018). These results highlight the importance
of developing, more immunological tools to detect LB in which a-syn is already
truncated (most of the commercial antibodies are directed to the C-terminal) and
encourage to develop therapeutic strategies based on targeting the C-terminus of a-

syn.

Apart from causing general cellular toxicity, a-syn oligomeric forms have been
related with impairments in other cellular functions, such as mitochondrial respiration,
or intracellular degradation, and with non-cell autonomous responses, causing a glial

mediated neuroinflamation (Fig. 3).
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Figure 3. Intracellular targets for a-syn-mediated toxicity. a-syn oligomers may mediate

degradation

toxicity via several intracellular targets. Mainly, impairment of various protein degradation

pathways as well as damage to mitochondria (Ingelsson, 2016).

2.2.1 Mitochondrial dysfunction

Mitochondria play a fundamental role in energy metabolism being their primary

function to provide energy for intracellular metabolic pathways. There is huge
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evidence for mitochondria impairment in PD. Parker and colleagues (2008) found that
mitochondrial metabolism in the substantia nigra of postmortem PD brain display a
deficient complex | activity. Mitochondrial alteration via complex | deficit was also
demonstrated in highly purified mitochondria from the frontal cortex of PD patients
(Parker et al., 2008). Furthermore, high levels of mtDNA deletions have been observed
in dopaminergic neurons from the substantia nigra of post- mortem human brains
from aged individuals and idiopathic PD patients (Bender et al.,, 2006; Reeve et al.,

2008).

Otherwise, mitochondrial morphology is disrupted by a-syn oligomers, causing
fragmentation of these organelles in SH-SY5Y cells (Plotegher et al., 2014). More
recently, it has been found that astrocytes can incorporate a-syn oligomers and
degrade it via the lysosomal pathway. Nevertheless, if this pathway becomes saturated
it may lead to mitochondrial fragmentation and toxicity (Lindstrom et al., 2017).
Moreover, mutant and wild-type a-syn interacts with mitochondrial cytochrome c
oxidase, a key enzyme of the mitochondrial respiratory system (Elkon et al., 2002), and
a-syn is present in the membrane of mitochondria in normal dopaminergic neurons (Li
et al., 2007). Under overexpression conditions, a-syn may translocate to the
mitochondria and cause enhanced toxicity in response to subtoxic concentrations of

mitochondrial toxins (Shavali et al., 2008).

All these results suggest that mitochondrial defects observed in some
parkinsonian pathologies can be triggered by a-syn oligomers or by other PD linked

mutations, such as LRRK2, as commented later in this Introduction.

2.2.2 Lysosomal degradation defects

Degradation of a-syn can be maintained via multiple degradative routes. However,
because of structural constraints, the proteasome is unable to degrade protein
macro-aggregates, which are instead efficiently disposed of through the
autophagy-lysosomal pathway (Isidoro et al., 2009). There are several evidences in vivo

and in vitro that lysosomal dysfunction can lead to increased toxicity. Thus, lysosomal
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dysfunction can accelerate exosomal a-syn release inducing a-syn inclusion formation

and propagating its toxicity to the neighboring cells (Alvarez-Erviti et al., 2011).

Moreover, mechanistic  studies using the 1-methyl-4-phenyll,2,3,6-
tetrahydropyridine (MPTP) mouse model of PD have reported the ROS production
mediated by Complex | inhibition. This induced abnormal lysosomal membrane
permeabilization (LMP) with further lysosomal dysfunction, lysosomal depletion and

autophagosome accumulation. (Dehay et al., 2010; Vila et al., 2011).

In addition, several indirect observations have suggested a possible link between
cathepsin D, a lysosomal protein, and a-syn degradation. In cathepsin D deficient mice,
extensive accumulation of endogenous a-syn was reported (Quiao et al., 2008).
Conversely, the transgenic overexpression of cathepsin D decreased the accumulation
of a-syn aggregates and protected the dopaminergic neuronal cells from toxicity
induced by overexpression of a-syn. In astrocytes, cathepsin D mediated proteolysis is
also implicated in the pathogenesis and progression of PD, even it has not been fully
addressed yet. In fact, astrocytes exposed to the herbicide paraquat, a parkinsonian
neurotoxin, show defective formation of autophagosome, reduced viability and
inability to protect dopaminergic neurons from an oxidative stress (Janda, 2015).
Predictably, astrocytes lacking cathepsin D are prone to succumb under oxidative

stress and cannot protect dopaminergic neurons (Vidoni et al., 2016).

2.3 oa-syn transmission: prion-like hypothesis

Prion diseases are fatal transmissible neurodegenerative disorders with genetic,
sporadic, and acquired forms (Acquatella-Tran Van Ba et al., 2013). Prion protein (PrP),
is insensitive to the chemical therapy or physical prevention that inhibits ordinary
infectious agents. Cellular prion protein (PrP°) is ubiquitously expressed on the surface
of cell membranes and dominantly located in neurons. However, the specific biological
functions of PrP are still unknown. The central causative event in neurodegeneration
is the conversion of the normal form PrPC into a protease-resistant, disease-associated

form PrP>, known as template conformation change.
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Many neurodegenerative diseases like e.g. PD, share key prion-like mechanisms

for protein transmission and disease spreading.

According to Braak’s hypothesis (Braak et al., 2003) abnormal a-syn is spread
between anatomically interconnected systems (Recasens and Dehay, 2014; Braak and
Del Tredici, 2016). Braak described the presence of pathological a-syn aggregates in
different brain regions, such as caudal raphe nuclei, coeruleus—subcoeruleus complex
and SN. Based on this finding, he proposed the classification of PD progression in six
stages that follow a caudo-rostral pattern. Although other groups confirmed the Braak
hypothesis (Bloch et al., 2006; Dickson et al., 2010; Halliday et al., 2012) the clinical
classification for sporadic PD is not uniform (Burke et al., 2008; Alafuzoff et al., 2009).
According to the prion-like hypothesis, a-syn can be transported also from the
periphery to the brain, as suggested e.g. in the “gut-to-brain” hypothesis. Holmquvist
and colleagues demonstrated that human a-syn found in the SN of PD patients and
distinct recombinant a-syn forms (including monomers, oligomers and fibrils) can be
transported via the vagal nerve to the CNS after the injection into the intestinal wall of
WT adult rats (Holmgvist et al., 2014). Likely, inoculation of a-syn PFF into the mouse
gastrointestinal tract induced a-syn pathology similar to the early stages of PD,

supporting the “gut-to-brain” hypothesis (Uemura et al., 2018).

The prion-like hypothesis proposes that spreading of a-syn can occur by a trans-

cellular way, whose mechanisms are still under investigation.

Transgenic mice overexpressing human a-syn, transplanted with neural stem cells
experienced a-syn immunoreactivity in 15% of the grafted cells (Desplats et al., 2009).
In addition, dopaminergic neurons grafted into the striatum of mice over-expressing
human a-syn, exhibited human a-syn immunoreactivity 6 months after transplantation
(Hansen et al., 2011), thus confirming the transfer of human a-syn from host-to-graft
in vivo. The authors of this study suggested that the mechanism of a-syn uptake, in

terms of monomers, oligomers and fibrils, could be by endocytosis.

11
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The first tentative evidence to demonstrate the transcellular propagation of a-syn
was in the autopsy of PD patients transplanted with embryonic brain cells into the
striatum to replace degenerated dopaminergic neurons (Kordower et al., 2008; Hansen
et al., 2011). Over 10-16 years after the graft, examination of autoptic brain tissues
showed pathologic a-syn inclusions in the cells derived from the grafting (Kaufman

and Diamond, 2013; Goedert et al., 2014).

The suggested mechanisms of a-syn transmission go from classic
exocytosis/endocytosis, tunneling nanotubes (TNTs), synapses or synapse-like
structures, and several receptors (Goedert et al., 2010; Dunning et al., 2012; De Cecco
and Legname, 2018). Moreover, a-syn can also be transported, not only between
neurons, but also between glial cells, as demonstrated in in vivo model and
organotypic (Reyes et al. 2014; Thakur et al. 2017; Loria et al. 2017). In particular,
astrocytes cover an important role in sequestering and degrading a-syn assemblies
(Cavaliere et al., 2017; Ramos-Gonzalez, unpublished data; Loria et al., 2017). Indeed, a
recent study has demonstrated that although astrocytes take up a significant amount
of aggregated a-syn (i.e. a-syn oligomers) for subsequent degradation, their
degradative capacity can become overwhelmed, resulting in limited clearance of a-syn

and its associated toxic cellular effects (Lindstrom et al. 2017).

Figure 3. Cell to cell transmission of a-syn. Many different transmission mechanisms have
been proposed for a-syn, being the most accepted (1) exosome mediated transmission, (2)
receptor mediated endocytosis, (3) membrane penetration by pore formation, (4) tunneling

nanotubes and (5) the reservoirs generated by dying cells (Gallegos et al., 2015)
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Altogether, these data provide evidence for the “infectivity” of the a-syn, a
criterion that defines a prion disease. However, the nature and mechanisms of a-syn
prion-like properties is not yet well understood to refer to Parkinson’s disease as a

prion disease.

3. Genetics

3.1 PD related mutations

In addition to age and environmental toxins, genetic factors may also constitute a
risk factor for PD. In 5-10% of cases, PD is manifested as a Mendelian form with
autosomal dominant or recessive inheritance. Currently, 28 distinct chromosomal
regions are linked to PD (Klein & Westenberger, 2012). For only six of these regions,
the underlying genes that cause common monogenic forms of PD have been identified,
namely snca (a-synuclein) and Irrk2 for autosomal dominant PD, and pink1, park7 (DJ-

1), atp13a2 (ATPase type 13A2), and park2 (Parkin) for autosomal recessive PD (Fig. 4).
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Figure 4. Parkinson’s disease related mutated genes. The most common mutations are
usually associated with a lower risk of developing the disease, while the least common ones

usually confer high risk of developing Parkinson’s disease (Thomas, 2015).
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Mutations on snca are fully penetrant, and typically cause fast-progressing early-
onset to late-onset PD, with widespread and abundant Lewy body formation as a
pathophysiological hallmark. In contrast, LRRK2 mutations show variable penetrance,
approximately 30-70% at age 80 years, and typically cause late-onset PD, mostly
without dementia, and in most cases typical Lewy body pathology (Singleton et al.,
2013; Ozelius et al., 2006; Goldwurm et al., 2007). Incomplete penetrance or variable
expression often cause problems in assessing whether PD is caused solely by genetic

susceptibility or is modified by environmental factors. (Antony et al., 2013).

3.2 LRRK2%%%%% mutation.

Leucine-rich repeat kinase 2 (LRRK2) is a large protein with dual kinase and GTPase
activity that is encoded by the Irrk2 gene (Luciano et al., 2010). Mutations in LRRK2 are
the most common genetic cause of PD, and result in a patient phenotype similar to the
idiopathic disease (Lobbestael et al., 2012). LRRK2 is expressed in neurons, astrocytes,
and microglia (Reyniers et al., 2014) and is associated with a large variety of functions,

both in terms of its physiological and cellular roles (Wallings et al., 2015) (Fig. 5).
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Figure 5. Cell processes associated with LRRK2. Representation of the cellular processes
(boxes) that have been associated with LRRK2 function in physiology and/or disease. (Wallings

et al., 2015)
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The G2019S mutation is the most frequent pathogenic mutation in the overall
LRRK2-PD population (Singleton et al., 2013). It occurs in the kinase domain of LRRK2,
leading to an increase in kinase activity (West et al., 2007). This protein is involved in
many different cell signaling pathways participating in mitochondrial functionality,
citoskeletal dynamics, response to ROS production or autophagy. It is implicated in the
autophagy-lysosome pathway in many models, not only in neurons but also in
astrocytes (Xing et al, 2013; Greggio et al., 2008). | describe below the role of LRRK2 in

the cellular processes that are discussed in this thesis.

3.2.1 LRRK2°%°'*® and mitochondrial respiration

Wild type LRRK2 interacts with a number of key regulators of mitochondrial
fission/fusion, co-localizing with them either in the cytosol or on mitochondrial
membranes, indicating its multiple regulatory roles (Stafa et al., 2013; Wang et al.,

2012).

LRRK2 mutation causes mitochondrial dysfunction. Thus, fibroblasts from PD
patients carrying the G2019S mutation showed abnormal mitochondrial morphology
(Mortiboys et al., 2010). Similarly, wild-type LRRK2 overexpression in SH-SY5Y cells
caused mitochondrial fragmentation, which was further enhanced by the R1441C and
G2019S mutations (Wang et al., 2012). Moreover, overexpression of LRRK26201%
mutation in same cells caused mitochondrial uncoupling, leading to reduced
membrane potential and increased oxygen consumption (Papkovskaia et al., 2012).
The G2019S mutation in LRRK2 is also implicated in defective mitophagy as it delays
the digestion of dysfunctional mitochondria and the initiation of mitophagy (Hsieh et
al., 2016). These alterations were found also in G2019S transgenic mice where
ultrastructure examination showed the accumulation of damaged mitochondria in

neuronal soma, which is consistent with altered mitophagy in aged mice (Ramonet et

al.,, 2013).
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3.2.2 LRRK2°%°'% and cytoeskeletal dynamics

Many studies have established a connection between LRRK2 and both
microtubules (MTs) and filamentous actin (F-actin), with multiple cytoskeletal- related
proteins. A high-throughput screening to decipher LRRK2 interactome revealed
proteins involved in actin filament assembly, organization, rearrangement, and
maintenance, suggesting that the biological function of LRRK2 is linked to cytoskeletal
dynamics. Indeed, the same study revealed LRRK2 de novo binding to F-actin and its
ability to modulate its assembly in mouse primary dopaminergic neurons in vitro
(Meixner et al., 2011). This suggests that morphological changes and abnormalities in
neurite outgrowth and branching may be consequences of LRRK2-modulation of

cytoskeletal dynamics.

However, the possible role of LRRK2 in cytoskeletal dynamics is intriguing, not only
because it could straightly recapitulate morphological alterations observed in cellular
models of LRRK2, but also because it raises the possibility that LRRK2 may be involved
in development and even govern different functions in development and adult life

(Wallings et al., 2015).

4. Roles of astrocytes in CNS

Astrocytes represent the most abundant glial cell in the CNS being responsible for
a wide variety of complex and essential functions implicated in preserving the integrity

of the brain.

Astrocytes form a very heterogeneous population, not only morphologically but
also because of their region specificity. The main classification of astrocytes
distinguishes two major groups, protoplasmic and fibrous astrocytes. Protoplasmic
astrocytes are found in the grey matter and their processes contact both synapses and

blood vessels. They are much ramified, with uniformly distributed processes. Fibrous
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astrocytes are located in the white matter and they contact the nodes of Ranvier and

the blood vessels and are less ramified than protoplasmic astrocytes (Fig. 6).

Figure 6. Classification of astrocytes. Based on their shape, antigen phenotype, and location,
two main types are distinguished; (a) protoplasmic astrocytes, much ramified, with uniformly

distributed processes and (b) fibrous astrocytes, less ramified (Torres Platas et al., 2011).

The structure of the astrocyte cytoskeleton is supported by the network of
intermediate filaments. The fundamental component of these filaments is glial
fibrillary acidic protein (GFAP) that is upregulated in brain damage and degeneration
(Middeldorp & Hol, 2011). In addition to their structural properties, they may play

other roles having to do with the transduction of biomechanical and molecular signals.

During the last 20 years, a wide variety of functions have been attributed to these
cells. Astrocytes primarily support neuronal activity and function by providing
important growth factors, or supporting neuronal metabolism through the conversion
of glucose to ATP and glutamine to glutamate from the peripheral blood (Joe et
al., 2018). They directly participate in the “tripartite synapse” by harboring each
astrocyte as many as two million synapses (Oberheim et al., 2009). Moreover, they
support the neuronal activity by controlling extracellular ion balance and
neurotransmitter homeostasis. Table 2 lists the various functions of this glial cell type
in the CNS, including biochemical support of endothelial cells, provision of nutrients to

the nervous tissue, and regulation of neurogenesis and brain wiring (Vasile, 2017).
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Astrocyte functions

Function

Blood-brain barrier (BBB) induction and maintenance
Metabolic support

Providing energy to neurons

Regulation of extracellular pH

Synthesis of precursor for glutamate and GABA production
Release of cytokines and chemokines

Forming “glial scar” after injury

Brain homeostasis

Brain energy metabolism

Modulate extracellular glutamate level

Spatial buffering

Neuroinflammation

Table 2. Biological functions of astrocytes (Martin Jiménez, 2017).

4.1 Neuronal homeostasis and synaptic activity

The participation of astrocytes in neuronal homeostasis and specifically in synapse
function was firstly accepted with the description of the “Tripartite synapse” by the

laboratory of PG Haydon in 1999.

Synaptic plasticity is a fundamental mechanism that supports brain function
(Buzsaki and Chrobak, 2005). Among the different factors that regulate synaptic
plasticity, glial cells are key players in maintenance of synapse homeostasis (Eroglu and
Barres, 2010). Gliotransmitters (GT) released by astrocytes modulate the synaptic
activity through vescicular-dependent endocytosis, further activating intracellular Ca®*

signals.

Astrocytes predominantly show potassium (K*) conductance (Kuffler and Nicholls,
1966; Hertz et al., 2013), which is mainly mediated by Kir4.1, aquaporin-4, chloride
channels, or Na'-Ca?* exchangers (Haj-Yasein et al., 2011b; Halnes et al., 2013). This
allows the rapid uptake of K from the synaptic cleft and redistribution of K" in the

extracellular space during neuronal activity (Kuffler and Nicholls, 1966; Seifert et al.,
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2018). Furthermore, Aquaporin-4, that transports water, and Na*-Ca®* exchangers are

involved in the maintenance of a correct pH surrounding the synapse (Obara, 2008).

Glutamate, gamma-aminobutyric acid (GABA) and ATP are the most studied
gliotransmiters. Astrocytic membranes are enriched in glutamate and GABA
transporters (GAT) that are differentially expressed throughout the adult brain. These
transporters serve as an efficient mechanism for clearing these neurotransmitters
(NTs) from the extracellular space after neuronal activity (Borden, 1996; Bergles and
Jahr, 1997; Danbolt, 2001). Glutamate transporters, concretely GLAST (EAAT1) and
GLT1 (EAAT2) are responsible for removing 80% of glutamate released from the
presynaptic neurons, being just 20% of glutamate taken up by post-synaptic glutamate
transporters (Swanson, 2005). In astrocytes, glutamate can be metabolized to
glutamine by glutamine synthetase (GS), then being released to the extracellular space
to be taken up by neurons and used to resynthesize glutamate or GABA (Bergles& Jahr,
1998). GLT-1 and GLAST deficient rats developed neurodegeneration and progressive
paralysis (Rothstein et al., 1996). Regarding to GABA transporters, GAT-3 is the most
abundant GAT in astrocytes and is localized in astrocytic processes that are adjacent to
synapses and cell bodies. Activation of GAT-3 results in a rise in Na* concentrations in
hippocampal astrocytes and a consequent increase in intracellular ca* through the
action of Na‘/Ca®*" exchangers (Doengi et al., 2009). Thus, GABA-uptake by astrocytic
GAT-3 can stimulate the release of ATP/adenosine that contributes to downregulation
of the excitatory synaptic transmission, and provides a mechanism for homeostatic

regulation of synaptic activity (Boddum et al., 2016).

4.2 Energy supply and metabolism

Astrocytes contribute to proper metabolic function in the CNS. Since their
projections reach blood vessels, astrocytes take up glucose from circulation and
provide energy metabolites to neurons (Guillamon-Vivancos et al., 2015). Neuronal
cells show a great consumption of energy but lack energy store capacity (Barros et al.,

2011) In the brain, energy is stored in form of glycogen, which is localized almost
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exclusively in astrocytes, where glycolysis appears to have a larger enzymatic capacity

than oxidative metabolism (Abe et al., 2006).

Astrocytic glycogen utilization can support neuronal activity in hypoglycemic
conditions and through transient events where neuronal activity is increased (Brown &
Ransom, 2007; Ransom & Fern, 1997; Suh et al, 2007). Moreover, while glycogen
mobilization may also fulfill the astrocytes’ own metabolic needs (Sickmann et al.
2009; Walls et al., 2009), glycogen breakdown typically results in lactate production
and release in the extracellular space to provide neuronal energy needs (Walls et al.,
2009, Dringen et al., 1993). Astrocytic glycogen mobilization is required to maintain
glutamatergic synaptic transmission (i.e., neurotransmitter release) in neuron-
astrocyte co-culture models (Sickmann et al.,, 2009; Mozrzymas et al., 2011).
Glycogenolysis is facilitated by the lack of energy substrates (Gordon et al., 2008) and

by elevated neural network activity (Cruz & Dienel, 2002; Swanson, 1992).

There is evidence suggesting that astrocytes have a greater metabolic plasticity
than neurons. Astrocytes respond to NO with an increase in glucose metabolism
through the glycolytic pathway, thereby limiting the fall in ATP levels and preventing
apoptosis. In neurons, however, this response does not seem to be present, and a
similar NO challenge causes a massive ATP depletion, leading to apoptosis (Almeida et
al., 2001). Furthermore, metabolic astrocyte-neuron interactions (in particular through
lactate release by astrocytes) also influence higher brain functions, such as long-term

memory formation (Suzuki et al., 2011).

4.3 Homeostasis of Reactive Oxygen Species

Neuronal energy metabolism, which relies entirely on oxidative phosphorylation
(Bélanger et al., 2011), constantly generates a high amount of reactive oxygen species
(ROS) that the brain needs to scavenge to avoid cellular damage. This feature makes
astrocytes as cellular sentinels of neuronal energy metabolism (Dringen et al., 2000).
Astrocytes have significantly higher levels of various antioxidant molecules and ROS-

detoxifying enzymes compared to neurons, including glutathione, ascorbic acid, heme-
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oxygenase 1, glutatione peroxidase, glutathione S transferase, catalase, and
thioredoxin reductase (Shih et al., 2003; Dringen, 2000; Belanger and Magistretti,
2009; Wilson, 1997). In fact, in a co-culture system, astrocytes can protect neighboring
neurons from toxic doses of NO, H202, superoxide anion combined with NO, iron, or
6-hydroxydopamine (Wilson, 1997; Vargas and Johnson, 2009; Dringen, 2000; Belanger
and Magistretti, 2009), suggesting that neurons are dependent upon the high

antioxidant potential of astrocytes for their own defense against oxidative stress.

In the presence of astrocytes, neurons produce high levels of glutathione in vitro.
Hence, removal of astroglia from the culture prevents neuronal synthesis of
glutathione and facilitates ROS toxicity (Dringen et al., 1999; Makar et al., 1994).
Astroglial antioxidant capacity is also mediated by ascorbic acid, the reduced form of
vitamin C. Astrocytes represent the reservoir for ascorbic acid (Covarrubias-Pinto et al.,
2015). Moreover, they are able to accumulate the dehydroascorbic acid derived from
ROS oxidation and released by neurons and reduce it (using glutathione) to ascorbic

acid (Rice, 2000; Winkler et al., 1994), avoiding ROS toxicity.

Unlike neurons, astrocytes rely on glycolysis for energy generation (Herrero-
Mendez et al., 2009) and, as a consequence, have a loosely assembled mitochondrial
respiratory chain that is associated with a higher generation of mitochondrial reactive
oxygen species (ROS) (Lopez-Fabuel et al. 2016)° However, whether this abundant
natural source of mitochondrial ROS in astrocytes fulfils a specific physiological role is
unknown. Very recently, Vicente-Gutierrez and colleagues (2019) found that astrocytic
mitochondrial ROS regulates glucose utilization via the pentose-phosphate pathway
and glutathione metabolism, which modulates the redox status and potentially the
survival of neurons. This provides further molecular insight into the metabolic
cooperation between astrocytes and neurons and demonstrates that mitochondrial

ROS are important regulators of physiology in vivo (Vicente Gutierrez et al., 2019).
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5. Astrocytes in PD

According to the role of astrocytes in neuronal metabolism and survival, it
becomes clear that an alteration of astrocyte function can contribute to neuronal
degeneration. The importance of astrocytes in dopaminergic neurodegeneration
becomes more evident as SN has a relatively low number of astrocytes (Von Bartheld

et al., 2016) lowering the threshold of metabolic support to the neurons.

5.1 a- Syn mediated pathology in astrocytes

In postmortem PD brains, a-syn-positive inclusions were found in astrocytes as
well as in neurons (Braak et al., 2007 ; Hishikawa et al., 2001; Wakabayashi et al.,
2000), raising the question if astrocytes can uptake a- syn secreted by neurons. This
hypothesis has been discussed and demonstrated extensively (Braidy et al., 2013; Lee
et al., 2010; Rannikko et al.,, 2015; Fellner et al.,, 2013) indicating the TLR4-
independent endocytosis pathway as one of the main mechanisms (Rannikko et al.,

2015; Fellner et al., 2013).

The accumulation of a-syn in astrocytes generates an imbalance in the support of
neuronal metabolism and synaptic function (Fig. 7). Thus, specific in vivo
overexpression of mutant SNCA in astrocytes causes movement disorders and
developed astrogliosis before the onset of symptoms (Gu at al., 2010). The affected
astrocytes exhibited decreased expression of the glutamate transporters GLAST1 and
GLT1 (Gu at al.,, 2010) and abnormal localization of the water channel aquaporin-4
(AQP4), which is involved in blood—brain barrier function and water transport (Simard

et al., 2003).
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Figure 7. Dysfunctional Astrocytes Contribute to Neuronal Toxicity. Astrocyte dysfunction
elicits neuronal toxicity via five main mechanisms. (A) AQP4 water channels are mislocated
away from the astrocyte end-feet, resulting in impaired water transport. (B) neurotrophic
factor release is decreased, (C) inflammatory signaling increases (D) astrocyte proliferation is
impaired, and (E) Glutamate uptake is reduced, potentially resulting in increased extracellular

glutamate and, therefore, neuronal excitotoxicity (Booth et al., 2017).

One of the consequences of a-syn accumulation in astrocytes is mitochondrial
dysfunction. For example, in human primary astrocytes a-syn can accumulate into the
mitochondria causing reduced oxygen consumption and ROS generation (Braidy et al.,
2013). In a co-culture system of mouse primary neurons, astrocytes and
oligodendrocytes, a-syn oligomers induced mitochondrial damage following
fragmentation. Expression patterns of the fusion protein Mitofusin 1 and the fission
protein Drp1, were clearly affected in oligomer exposed cells, indicating a disturbance
of the mitochondria fission-fusion dynamics. All these defects lead to an increase in
neuronal degeneration some days after exposure to toxic a-syn (Lindstrom et al.,
2017). In fact, dysfunction of mitochondrial complex |, the primary site of redox
reactions, can be the primary source of pathogenic ROS and can contribute to PD onset

and spreading (Jacobson & Duchen, 2002). Consistent with these evidences,
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postmortem analyses showed loss of complex | activity and oxidative damage in the

brain of sporadic PD patients (Keeney, et al 2006).

As key actors in the neuroinflammation, astrocytes can contribute also to the
production and release of proinflammatory cytokines like IL-6 and TNF-a (Fellner et al.,
2013). As a result of the neuroinflammatory process, astrocytes become reactive as
demonstrated in animal models and in SN and striatum of PD patients, increasing the

expression level of IL-6 and TNF- a and increasing the risk of neuronal degeneration.

5.2 Impact of PD gene mutations in astrocytes

In addition to pathological a-syn, there are other PD-associated genetic risk
factors of genes expressed in astrocytes, such as park2, park7, gba, Irrk2, pink1 and

nrd4a?2.

PINK1 and PARK mutations are mostly loss-fuction mutations. Proliferation of
astrocytes in the brain is controlled, at least in part, by EGFR signaling, and further
investigation showed that pinkl regulates EGFR protein levels via an AKT/p38-
dependent pathway. Similarly to pink1, Parkin has a role in astrocyte proliferation, as
demonstrated by the decreased proliferation of Park2-KO astrocytes (Solano et al.,
2006; Solano et al., 2008). Moreover, Park2-KO astrocytes alongside other glial cells,

but no neurons, had increased levels of damaged mitochondria (Schmidt et al., 2011).

Like Parkin, PINK1, DJ-1, and LRRK2 are also implicated in the regulation of
mitochondrial function and glucose metabolism (Dodson & Guo, 2007; Giasson, 2004;
Saha et al.,, 2009). Thus, expression of PINK1 mutant decreased ATP generation,
decreased oxygen consumption, and increased ROS production (Amo et al, 2011).
Parkin may also regulate glycolysis since it directly regulates pyruvate kinase M2, a
glycolysis rate-limiting enzyme (Liu et al, 2016). PINK1-knockout (KO) astrocytes exhibit
reduced mitochondrial mass, decreased membrane potential, lower glucose uptake,
and increased intracellular ROS levels (Choi et al., 2013). In addition, LRRK2 regulates

vulnerability to mitochondrial dysfunction in C. Elegans (Saha et al., 2009). In
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astrocytes, these genes regulate mitochondrial function and glucose metabolism.
Moreover, LRRK2 kinase activity increases the trafficking to the membrane of
autophagic vesicles of LC3 in primary mouse astrocytes (Ji et al., 2007). This may be
indicative of either induction of autophagosome formation or inhibition of
autophagosome/autolysosome degradation. Furthermore, expression of GFP-LRRK2
mutants (R1441C, Y1699C, and G2019S) in primary mouse astrocytes results in an

increase in lysosome size.

Parkin, a-synuclein, and LRRK2 also regulate endocytosis and/or phagocytosis.
Parkin deficiency promotes lipid raft-dependent endocytosis through the accumulation
of caveolin-1 in mouse embryonic fibroblasts (Cha et al., 2015). In addition, LRRK2
regulates microglial phagocytic activity in a kinase dependent manner (Maekawa et al.,

2016; Marker et al., 2012).

PD related genes might regulate also the microglial surveillance function. LRRK2
interacts with several actin-regulating proteins regulating actin dynamics (Chan D et
al., 2011; Parisiadou et al., 2009; Meixner A et al.,2011) which are necessary for
microglia continuous movement of their processes to survey microenvironments of the
brain (Nimmerjahn et al., 2005; Davalos et al., 2005; Hines et al., 2009). LRRK2-KO BV2
microglia cells are morphologically different from WT microglia and are highly motile
even in the absence of any stimulator (Choi et al., 2010; Ma et al.,, 2016). LRRK2
regulates microglial motility in a kinase-dependent manner through the inhibition of
FAK, a critical player in cell movement (lli¢ et al., 1995). Furthermore, LRRK2620195
mutation retards microglial response to injury (Choi et al., 2010). Since defects in the
ability of microglia to isolate injured brain sites increase damage (Hines et al., 2009)
microglial defects caused by the G2019S mutation may contribute to the development

of PD.

5.3 Reactive astrogliosis and neuroinflamation

One of the possible trigger factors of PD is the excessive release of oxygen free

radicals during enzymatic dopamine breakdown, impairment of mitochondrial
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function, loss of trophic support, abnormal kinase activity, and disruption of calcium
homeostasis. In addition, inflammation, that has long been considered secondary to
neuronal damage, is considered to have a role in the progression of the disease.
Indeed, activation of microglia in the SNpc and striatum is profound in various types of

PD animal models (Leal et al, 2013; Benner et al, 2008; Tansey et al, 2007).

The involvement of microglial phagocytosis in PD pathogenesis is further
supported by the fact that microglia swallow up and digest DA cell debris (Sugama et al
2003). Moreover, microglia can also engulf a-syn, a major constituent of LBs, possibly
via the TLR4 receptor (Fellner et al, 2013; Park et al, 2008). Additionally, ineffective a-
syn degradation in microglia may result in a-syn release through extracellular vesicles,
which in turn contributes to the diffusion of toxicity. On one hand, extracellular a-syn
or neuronal debris might contribute to neurodegeneration by interfering with
microglial phagocytic functions. On the other hand, there are evidences suggesting
that several proteins encoded by genes implicated in the PD or positioned within PD
risk loci, lower microglial phagocytic activity. This contributes to an accumulation of

unwanted material, and consequently, to neurodegeneration (Tremblay et al, 2019).

Apart from microglia, astrocytes also play a critical role in neuroinflammation in
PD. Astrocytes respond to pathological conditions acquiring a reactive phenotype in a
process known as “Reactive astrogliosis”, in which they increase the expression of
GFAP and release some proinflamatory cytokines (IL1B, TNFa). Besides, reactive
astrocytic hypertrophy of cell body and cell extensions occur in various PD animal
models and the disease proper, indicating the possible involvement of astrocytes in

the immune processes in this disease (Yamada et al, 1992).

Recent studies also revealed that astrocytes contribute to phagocytic clearance in
a similar manner to microglia during normal physiological conditions (Bellesi M. et al,
2017) and there is abundant evidence that microglia and astrocytes cooperate to
remove cell debris (Liddelow et al, 2017; Clarke et al, 2018; Jha et al, 2018; Tian et al,
2012).
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Figure 8. Representation of inflammatory mechanisms involved in PD pathogenesis. The
molecules released from degenerative DA neurons can cause activation of microglia that
respond with the release of pro-inflammatory cytokines. Concomitantly activated astrocytes

acquire a reactive phenotype that enhances the inflammatory response (Wang et al., 2015)

In this context, two different classes of reactive astrocytes, named Al and A2 have
been described depending on the nature and type of insult (Clarke et al, 2018; Clark et
al 2019). A2 are protective and, possibly, promote CNS recovery and repair during
acute events like ischemia (Clarke et al, 2018). In contrast, Al astrocytes are
neurotoxic and lose many normal astrocytic functions, including the ability to support
synapse formation and function and instead tend to phagocytize neuronal elements.
Activated microglia induce A2 to Al phenotypic conversion of astrocytes by the release
of pro-inflammatory cytokines (IL-1 and TNF-a), C1g activation or, lastly, fragmented
mitochondria (Liddelow et al, 2017; Joshi et al., 2019). Interestingly, the neurotoxic Al
astrocyte population is specifically observed in PD, suggesting that impaired astrocytic
phagocytic clearance may contribute to increasing neuronal debris and abnormal
protein accumulation, thus triggering neuroinflammation and neurodegeneration

processes (Clarke et al, 2018).
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The precise role of inflammation in PD is still not fully understood and future
studies are necessary to understand the molecular mechanisms and the specific,
possibly distinct, roles of microglial versus astrocytic phagocytic clearance in the onset

and progression of PD.

6. Models to study Parkinson’s Disease

PD is a heterogeneous disease with a varying age of onset, symptoms, and rate of
progression. This heterogeneity requires the use of a variety of cellular and animal

models to study different aspects of the disease.

Primary cultured cells are simplified systems that allow us to answer specific
questions quickly, clarify signaling pathways and resolve mechanistic details. Genetic
or pharmacological manipulations and time-lapse imaging are easier and more reliable.
In addition, specific cell types (e.g. dopaminergic neurons) can be studied in isolation,
which can be important in order to determine their contribution to PD pathogenesis.
At the same time, many important steps of PD pathogenesis and pathophysiology
require the interaction of different cell types and thus can only be studied in animal
models. Therefore, all findings from cultured cells need to be validated in animal

models (Falkenburge, 2016).

In experimental animal models, that include mainly rodents, non-human primates
and non-mammalian species (e.g. flies), two main approaches are used to model PD:
neurotoxins and genetics. Neurotoxins (6-hydroxydopamine, (6-OHDA) or 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine MPTP) can model dopaminergic neurodegeneration
derived from environmental factors (Konnova & and Swanberg, 2018). They generally
induce a strong and rapid cell loss in the substantia nigra pars compacta (SNpc), trigger
motor symptoms and behavioral changes, but lack LB formation (Blesa & Przedborski,
2014). By contrast, genetic-based models not only show variable cell loss and motor
symptoms but can also exhibit a-syn pathology. Nevertheless, all animal models

display some limitations. Many transgenic models [mutated LRRK2 (Blesa &
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Przedborski, 2014) and UCHL1 (Setsuie at al., 2007); DJ-1, PINK1, and Parkin knockout
(Dawson et al 2010)] show some functional disruption in the nigro-striatal system but
are ineffective at inducing a robust display of neurodegeneration and a-synuclein
pathology. Moreover, functional recovery in neurotoxic models and the lack of reliable
phenotypes highlight the difficulty of replicating PD in animal models (Konnova
& and Swanberg, 2018). In fact, is well evidenced the loss of translation of animal
models into successful clinical trials, not only for PD but also for other
neurodegenerative disorders (Mullane & Williams, 2013; Perrin 2014; Haston and

Finkbeiner 2016).

Thus, the need to develop new models that can faithfully predict results in
humans became imperative. Since a decade ago, when Yamanaka and colleagues
discovered that adult somatic cells can be genetically reprogrammed to generate
induced pluripotent stem cells (iPSCs), the use of this technology has become a
common practice to model the pathology and to consider the homologous

transplantation (Takahashi and Yamanaka 2006; Takahashi et al. 2007).

iPSCs offer several unique benefits as a models for PD and other complex diseases.
First, it is a homologous system to study species-specific physio-pathological
mechanisms. Then, as deriving from patients, they retain all of the genetic risk factors

contributing to the pathology and can be differentiated in all neural cell types.

However, even if iPSCs offer the opportunity to use human, patient—specific, and
disease-relevant cell types to study the molecular and cellular pathogenesis of PD, the
use of iPSCs for disease modeling is not free of scientific challenges. For example, the
use of multiple different protocols to generate adult neural cells makes complex the
analysis of results (Krencik et al., 2011; Emdad et al 2011; Shaltouki et al., 2013; Jones
etal., 2017; TCW et al., 2017).

In addition, reprogramming human somatic cells into iPSCs results in a cellular

“rejuvenation”, in that age-related markers are lost (Cornacchia and Studer 2017).
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Compared to differentiated adult cells, iPSCs have DNA methylation patterns, nuclear
morphology, telomere lengths, DNA damage, and mitochondrial function and
phenotype that resemble what is observed in young cells (Marion et al. 2009; Suhr et
al. 2009, 2010; Prigione et al. 2010; Horvath 2013; Miller et al. 2013; Frobel et al.
2014). This represents a limitation in wusing iPSCs to model age-related
neurodegeneration. Capturing the pathogenic diversity observed in patients is another
significant challenge, as PD is a multifactorial disease with a high degree of
heterogeneity, where patients can be classified into multiple subgroups based on their

clinical features (Vidailhet 2003; Lewis et al. 2005).

The technique to reprogram post-mitotic cells in iPSCs is still in its infancy;
however technical progress is fast, nevertheless, more improvements are needed to
make iPSC a more reliable disease model. In this study we decided to use the iPSC
model because this technology offers an unprecedented ability to mimic disease in
vitro with patient-specific disease-relevant cell types. Human iPSC technology has the
potential to deepen our understanding of the pathogenesis of disease, providing a
more predictive platform for pre-clinical studies, and improve the success of clinical

trials (Cobb et al., 2018).
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Hypothesis and Objectives

The progressive loss of dopaminergic neurons in the susbstantia nigra pars
compacta and the presence of cytoplasmic inclusions called Lewy bodies are the
principal hallmarks of Parkinson’s disease. Thus, to date, the dopaminergic neurons
and their vulnerability have been the focus of the investigation of this disease. In turn,
glial cells, specifically astrocytes possess a central role in regulating the well-being and
well-function of neurons in both intact and injured brain. Moreover, astrocytes express
the principal PD associated genes, and can contribute to familial forms of PD with the
same mutations observed in dopaminergic neurons. Therefore, functional alterations
of astrocytes may be directly linked to the main pathological features of the disease by
impairing neuronal support or by spreading a-syn toxicity. Here, we hypothesize that
astrocytes play an important role in the degeneration and pathology of PD, favoring its

onset and progression.

The global objective of this thesis is to characterize the astrocyte pathology in
Parkinson’s disease and to elucidate their possible contribution to neurodegeneration

by using different models of the disease.

Our specific aims are:

Objective 1. To determine the effects of the accumulation of exogenous a-synuclein in
rat primary cultures of astrocytes and neurons, as well as the role of astrocytes in the

onset and spreading of neurotoxicity.

Objective 2. To generate and characterize patient-specific iPSC-derived astrocytes

G2019S

from healthy donors and LRRK2 patients and to elucidate the pathological

crosstalk between astrocytes and neurons.
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1.1 Animals

All experimental procedures followed the European Directive 2010/63/eu, and
were approved by the Ethic Committees of the University of the Basque Country

UPV/EHU.

Animals were housed in standard conditions with 12 h light cycle and with ad
libitum access to food and water. All possible efforts were made to minimize animal
suffering and the number of animals used. Experiments were performed in Sprague

Dawley rats at different age, according to the experimental procedures (see below).

1.2 Rat Cell cultures

1.2.1 Primary cortical neuron culture

Cortical neurons were obtained from E18 Sprague-Dawley rat embryos according
to previously described procedures (Ruiz et al.,, 2009). Brain hemispheres were
separated, meninges and basal nucleus were removed and cortical lobes were

extracted.

Selected cortical tissue was digested with 0.25% trypsin and 0.004%
deoxyribonuclease in Hank’s balanced salt solution (HBSS, Sigma-Aldridch) for 5 min at
37°C. Afterwards, the enzymatic reaction was stopped by adding Neurobasal medium
(Invitrogen) supplemented with 10% FBS, B27 (Invitrogen), 2mM glutamine and
antibiotic-antimycotic mixture, centrifuged at 1000 rpm for 5 min and the cell pellet
was resuspended in 1ml of the same solution. Mechanical dissociation was performed
by using 23-,25-, and 27G-gauge needles, and the resulting cell suspension was filtered
through a 40 um nylon mesh (Millipore). An aliquot of 10 ul of filtrate was collected to

determine the cell number and viability by trypan blue staining (Sigma-Aldridch), and
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all the rest was seeded onto 6/24 well plates, glass coverslips (12 mm) or AXIS
microfluidic chambers (Millipore) in different densities depending on the experiment.
Microfluidic chambers were placed onto previously poly-lysine treated 35 mm glass

coverslips.

Twenty-four hours after seeding cells, culture medium was replaced by
supplemented Neurobasal medium without FBS in order to avoid astroglial growth.
Cell cultures were essentially free of astrocytes and microglia and were maintained at

37 ‘C and 5% CO,. Cortical neuron cultures were used at 8-10 days in vitro (DIV).

1.2.2 Astrocyte cell culture

Primary cultures of cerebral cortical astrocytes were prepared from newborn (PO—
P2) Sprague-Dawley rats as described elsewhere (McCarthy and de Vellis, 1980).
Cortical lobes were extracted and enzymatically digested with 400 ul of 2.5% trypsin
and 40 pl of 0.5% deoxyribonuclease in Hank’s balanced salt solution (HBSS, Sigma-
Aldridch) for 15 min at 37°C. The enzymatic reaction was stopped by adding IMDM
medium supplemented with 10% FBS (Gibco) and centrifuged at 1200 rpm for 6 min.
The cell pellet was resuspended in 1 ml of the dame solution and mechanical
dissociation was performed by using 21- and 23G-gauge needles. Resulting cell
suspension was centrifuged at 1200 rpm for 6 min and plated onto 75cm? flasks

coated with 30 pg/ml Poly-D-Lysine.

After 8 DIV, cells were trypsinized and astrocytes were plated (15,000 cells/cm2)
onto 6/24 well plates, glass coverslips (12 mm) or AXIS microfluidic chambers
(Millipore) in different densities depending on the experiment.

1.3 Purification of Lewy Bodies (LB) for PD brains

The samples were obtained from post-mortem brains collected in a Brain

Donation Program of the Brain Bank “GIE NeuroCEB” run by a consortium of Patients
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Associations: ARSEP (association for research on multiple sclerosis), CSC (cerebellar
ataxias), France Alzheimer and France Parkinson. The willingness or consents were
signed by the patients themselves or their next of kin in their name, in accordance with
the French Bioethical Laws. The Brain Bank GIE NeuroCEB (Bioresource Research
Impact Factor number BB-0033-00011) has been declared at the Ministry of Higher
Education and Research and has received approval to distribute samples (agreement

AC-2013-1887).

Human SNpc was dissected from fresh frozen post-mortem midbrain samples from
3 patients with sporadic PD exhibiting conspicuous nigral LB pathology on
neuropathological examination (mean age at death: 77; GIE Neuro-CEB BB-0033-
00011). Tissue was homogenized in 9 vol (w/v) ice-cold MSE buffer (10 mM
MOPS/KOH, pH 7.4, 1 M sucrose, 1 mM EGTA, and 1 mM EDTA) with protease inhibitor
cocktail (Complete Mini; Boehringer Mannheim) with 12 strokes of a motor- driven
glass/Teflon homogenizer. For LB purification, a sucrose step gradient was prepared by
overlaying 2.2 M with 1.4 M and finally with 1.2 M sucrose in volume ratios of 3.5:8:8
(v/v). The homogenate was layered on the gradient and centrifuged at 160,000 x g for
3 h using a SW32.1 rotor (Beckman). Twenty-six fractions of 1500 ul were collected
from each gradient from top (fraction 1) to bottom (fraction 26), and analyzed for the
presence of a-synuclein aggregates by filter retardation assay, as previously described
(Recasens et al., 2014). In all cases, samples were bath-sonicated for 5 min prior to the

in vitro applications.

1.4 Inhibitors and molecules

The following drugs and molecules were used: D15, Tocris (Endocytosis inhibitor

that blocks the interaction of dynamin with amphiphysin 1 and 2) y CLRO1 (molecular

tweezer that prevents assembly and promotes disaggregation of protein fibrils that are

associated with neurodegenerative diseases).
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1.5 Microfluidic assays

Microfluidic experiments were performed using the AXIS chambers from Millipore.
These chambers contain 4 wells interconnected by a channel on each side of the
device. The two channels are connected by microgrooves (in red or green; see zooming
in Fig. 9) of 450um length. Each microgroove is approximately 5um in height by 10um
in width allowing the passage of neurites and processes but impeding the cell
migration from one side to another. For our experiments, astrocytes and neurons in
different combinations (50,000 cells/channel), were seeded on poly-lysine or poly-

ornithine into the two different channels as described above.

Figure 9. AXIS Micofluidic chamber. Two channels interconnected by microgrooves. Two wells

are connected to each channel. Zoom of the microgrooves connecting both channels.

1.5.1 a-Synuclein transport

To study a-syn transport, neurons and astrocytes were seeded in both microfluidic
channels in all possible combinations (neuron-neuron, neuron-astrocyte, astrocyte-
astrocyte). LB was incubated in one channel for 5 days and ha-syn was detected in the
opposite channel by immunofluorescence with the antibody against ha-syn (LB509). To
avoid passive transport of a-syn, LBs were added to cells in the ‘donors’ chamber in a
lower volume of medium (half) than in the ‘receptor’ side, generating a negative liquid
tension, which impedes molecules to transit passively through the micro-vessels (Fig.

10).
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«Receptors» «Donors»

Figure 10. Schematic representation of the diffusion of LB through the microgrooves.
“Donor” cells are incubated with half medium compared to the receptor cells to avoid the

passive transport of the protein.

The inhibitor of endocytosis and axonal transport, D15 was used to prove the
active transport of the a-synuclein. Neuronal cultures were seeded in microfluidic
chambers and the “donor” side was incubated PBS, LB or LB with 50 ug/ml of D15 for 5
days. To prevent non-specific ha-syn uptake, “receptor” cells were seeded one week

later than “donors” (Delayed) to prevent neurite spreading into “receptor” chamber.
1.5.2 a- Synuclein Proximity Ligation Assay (AS-PLA)

a-Synuclein Proximity Ligation Assay represents a combination between
immnufluorescence and PCR that specifically recognizes a-synuclein oligomeric forms.
Proximity Ligation Assay is able to detect 40 nm distances between two target proteins
or, in our case, two a-synuclein monomers. Briefly (Fig. 11), the primary antibody
syn211 (El-Agnaf et al., 2006) recognizes the monomers and only if at adequate
proximity to form oligomers, the complex formed by a pair of oligonucleotide-labeled
secondary antibodies (PLA probes) and the hybridizing connector oligonucleotides, are
able to amplifying a fluorescence signal. This allows up to 1000-fold amplified signal

that is visualized by a fluorescence spot by microscopy image analysis.

AS-PLA experiments were carried out using Duolink kits (Sigma) according to the
manufacturer’s instructions. We chose an a-synuclein antibody for the AS-PLA probes
that displays blocking activity (syn211; El-Agnaf et al., 2006). Briefly, the conjugates

were prepared using the Duolink Probemaker kit by incubating overnight 20 mg of
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antibody (mouse anti- a-synuclein 211, 1 mg/ml, no BSA or azide, Abcam) with the

Probemaker activated oligonucleotide (Minus or Plus) at room temperature.

(1) Protein interaction

(4) Ligation to form complete DMA circle

A A

(3) Hybridize connector oligo { b
Connector oligo. =3 -
~

NN N

Figure 11. Scheme of Proximity ligation assay (PLA). 1) Protein interaction: the complex is
formed between target proteins (light blue and pink). (2) Proximity probe binding: antibodies

(5) Rolling circle amplification (RCA) and detection

~Fluorescent probes

(black) with individual proximity probes (gray, 5’-3’) bind to each of the target protein
complexes. (3) Hybridization of connector oligo-DNAs: target protein complex serves to
template the hybridization of connector oligo-DNAs (red). (4) Ligation to form complete DNA
circle: adjacent connector oligos that are perfectly complementary to the target template are
connected by DNA ligase. (5) Rolling Circle Amplification (RCA) and detection: after ligation,
the RCA is initiated by the Phi29 DNA polymerase, by turning the target molecule primed by
one of the proximity probes. The RCA product is detected through the hybridization of
fluorescently labeled probes (green).

To analyze the ratio of oligomers vs monomers in astrocytes and neurons we
performed an AS-PLA co-immunofluorescence. First, we immunolabel the cell cultures
respectively with GFAP and/or B Il tubulin. After secondary antibody detection,
samples were incubated in Duolink block solution at 379C for 1 h. Total a-synuclein
were detected incubating the syn211/activated oligonucleotide conjugates in Duolink
PLA diluent (1:750) for 1 h at 372C and then overnight at 42C. After 3 cycles of washing
in TBS + 0.05% Tween 20, circle DNA template for AS-PLA amplification were formed in
Duolink ligation solutions and ligase for 1 h at 372C. Oligomers were detected in red
fluorescence (594nm) after polymerase amplification of fragments in proximity

distances. Only after AS-PLA, the monomers or fibrils were immune-labelled using the
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specific secondary antibody anti-mouse Alex-Fluor 647. The ratio of oligomers vs

monomers were calculated as a ratio between the red and the yellow signal.

1.5.3 Apoptosis

Neuronal apoptosis induced in different paradigms (i.e. a-synuclein transport or
CLRO1 protection) was visualized by nuclear morphology after DAPI staining. Cells were
fixed as previously described and stained with DAPI (Molecular probes). Apoptosis was
calculated as a percentage of nuclei with condensed chromatin versus total nuclei. We
also used an alternate method using propidium iodide (Pl) on the same experimental
setting. After 5 days of incubation cells were treated with 1 mg/ml of Pl for 10 min and
then fixed with 4% PFA and counterstained with DAPI. Pl was incorporated only in the
damaged cells whereas all nuclei were stained with DAPI. Apoptosis was calculated as

a percentage of Pl positive vs DAPI positive.

1.6 Immunofluorescence

Cell cultures were fixed in 4% para-formaldehyde, permeabilized with 0.1% Triton
and non-specific epitopes were blocked with 5% normal goat serum in phosphate-
buffered saline (PBS). Primary antibodies (Table 1, Appendix |) were incubated
overnight and then washed three times with 0.1% Triton in PBS. Secondary conjugated
antibodies Alexa 488, Alexa 594, Alexa 647 or Alexa 405 (Invitrogen, 1:500), were
incubated for 1 h in the dark at room temperature. After three washes with 0.1%
Triton in PBS, cells were counter-stained for 1 min with DAPI. Finally, cover slips were
mounted with Glycergel (Dako, Barcelona, Spain) and analyzed by fluorescence using

the confocal microscope Leica TCS STED CW SP8.
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1.7 ELISA assays

Astrocytes (50.000 cells) and neurons (100.000 cells) were seeded respectively on
poly-lysine and poly-ornithine and treated with LB for 0, 1, 3 and 5 days in vitro. After
treatment cells were lysed in buffer solution (10 mM Tris, 100 mM NaCl, 1 mM EDTA, 1
mM EGTA, 1 mM NaF, 20 mM Na4P,05, 2 mM ortho vanadate, 1% Triton X-100, 10%
glycerol, 0,1% SDS, 0,5% deoxycholate 1 mM PMSF and proteases inhibitor cocktail
from Sigma) and analyzed by ELISA using the commercial kit for ha-synuclein
(Invitrogen). Amount of a-synuclein was calculated plotting the results on a standard
curve (from 0 to 15ng/ml) and normalized for pg of total protein after Bradford

analysis.

1.8 Baculovirus infection

Rat Astrocytes (20,000 cells) and neurons (50,000 cells) were seeded respectively
on poly-lysine and poly-ornithine. Cell cultures were infected for 16 h with the
commercial baculoviruses CellLight eEndosome:GFP or Lysosomle:GFP (both 30
Particles Per Cell — pcc— after titration and following the manufacturer indications;
from Molecular Probes) and then treated with LB. After 3 days of treatment, cells were
fixed with 4% para-formaldehyde. Cell cultures were immunostained with ha-synuclein
(LB509 or syn211), GFAP or BllI-tubulin. GFP positive cells were analyzed for the

colocalization with ha-synuclein using the Leica microscope TCS STED CW SP8.

1.9 Total protein extract and Western blot

Total protein was extracted on ice using RIPA buffer (50 mM Tris-HCl pH 7.4, 1%
NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 pug/ml each
aprotinin, leupeptin, an pepstatin, 1 mM NasVO,4, 1 mM NaF) in the presence of
protease inhibitor cocktail (Complete, Mini EDTA-free tablets, Roche). Proteins were

denatured for 5 min at 90 °C in the presence of sample buffer (6.25 mM Tris pH 6.8,
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12.5% glycerol, 2.5% SDS, 0.025% bromophenol blue, and 5% B-mercaptoethanol).
Samples were processed automatically (gel running, transfer and fluorescence
detection) using the Amersham WB system based on fluorescence detection. Briefly,
proteins were separated on gradient gels and transferred on PVDF membranes. After
blocking solution (TBST, 5% goat anti serum) membranes were hybridized with the rat-
specific primary antibody (D37A6 from Cell Signaling Technology). Primary antibody
was detected using the secondary antibody goat anti rabbit Cy5 (Amersham) and
guantification was performed automatically after normalization with GAPDH

expression.

1.10 a-synuclein clearance by lysosomes

1.10.1. Lysosomal enrichment and FACS purification

Astrocytes and neurons (500.000 cells/cm2) were seeded on poly-lysine and poly-
ornithine respectively and infected for 16 h with the commercial baculovirus CellLight
Lysosome:GFP. After washing with PBS, cells were treated with 120pg/ml LB for 3
days. Lysosomal were extracted and enriched using the commercial kit Lysosome
Enrichment Kit for Tissue and Cultured Cells (Thermo Scientific 89839). Isolated
lysosomes previously labelled with CellLight Lysosome:GFP were purified by FACS
using the sorter BD FACSJazz (USB, inFlux Compat.) with the Blue 488 laser, and
collected in RIPA buffer (50 mM Tris-HCI pH 7.4, 1% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 ug/ml each aprotinin, leupeptin, an
pepstatin, 1 mM NazVOg4, 1 mM NaF).

1.10.2 ELISA assay

To quantify the a-synuclein content in lysosomes isolated from astrocytes or

neurons, previously collected lysosomes were analyzed by ELISA using the commercial

kit for ha-synuclein (Invitrogen, KHBO061H). Amount of a-synuclein was calculated
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plotting the results on a standard curve (from 0 to 5ng/ml) and normalized for number

of lysosomes (x1000).

1.10.3 Fluorimetric assay for Cathepsin D activity

Cathepsin D activity was evaluated using the commercial kit Cathepsin D Activity
Fluorometric Assay Kit (BioVision #k143-100). Briefly, astrocytes (50000 cells/cm2) and
neurons (200.000cells/cm2) were seeded on poly-lysine and poly-ornithine
respectively and treated with 120pg/ml LB for 3 days. Cells were collected by
centrifugation and lysed in the provided lysis buffer. Cell lysate was incubated with the
commercial substrate for 1 hour at 372C. Cathepsin D activity was quantified in the
fluorimeter (Biotek Synergy HT) with a 328-nm excitation filter and 460-nm emission

filter. Results were normalized for pg of total protein after Bradford analysis.

1.11 Measurement of mitochondrial function

Oxygen consumption rates (OCRs; as indicator of mitochondrial respiration) of
cortical neurons and primary astrocytes treated with LB were calculated with the
Seahorse XF96, extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA,

USA) using the XF cell Mito Stress Test.

Astrocytes (20000 cells/mm2) and neurons (30000 cells/mm?2) were seeded in the
96 well microplate previously coated with Poly-L-Ornitine or Poly- D-Lysine
respectively, and treated or not with LB 120pg/ml for 3 days. The day of the
experiment, cell medium was changed to Mito XF Medium (XF basal medium, 0.001 M
piruvic acid, 0.002 M glutamine, glucose 0.01 M, pH 7.4) and the plate was incubated
in a CO,-free incubator at 37°C for 1 hr to equilibrate for temperature and pH. The
microplate was then loaded into the XF96 and further incubated for 12 min to initialize
and calibrate. The baseline was calculated by a series of 3 measurements every 3 min
mix. The OCRs were obtained after the sequential treatment with oligomycin (2 uM),

an inhibitor of ATP synthase, the proton ionophore carbonylcyanide-p-
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trifluoromethoxy-phenylhydrazone (FCCP, 0.5 uM), and rotenone combined with
antimycin A (0.5 uM), a mitochondrial complex | and Il inhibitor respectively. Four
replicates were performed for each condition or cell type for every experiments (n=3).

Data was analyzed with the Wave 2.4.0 software.

1.12 Statistical analysis

Data are presented as means with SEM. Statistical analysis was carried out with

the Student t-test or ANOVA and subsequently analyzed by Tukey's or Dunnet's tests

(Graph Pad Prism 6 software). In all instances, a value of p < 0.05 was considered

significant.
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Part Il

2.1 Human samples

Human fibroblasts were obtained from two healthy donors (Ctrl 1 was purchased
from AXOL and Ctrl 2 from Coriel stem cell bank) and two Parkinson’s disease patients
with LRRK2°%'** mutation (PD 1 from Coriel and PD 2 provided by BioDonostia
Hospital) (Table 3). Controls did not manifest any neurological symptoms and they
were matched with PDs by age and gender. All procedures with human cells were
approved by the National and local ethical committees (with code M30 2018 030)

according to the National law 14/2007 on Biomedical research.

Mutated
Sample Type Code Biopsy Sex Age Mutation  Karyotype
gene
Ax0083 Healthy Ctrll Skin F - - - Normal
38530A Healthy Ctrl2 Skin M 55 - - Normal
PD33879 PD PD1 Skin F 66 LRRK2 G2019S Normal
FH1509 PD PD2 Skin M 58 LRRK2 G2019S Normal

Table 3. Summary of fibroblasts used for reprogramming and generation of astrocytes.

2.2 Generation of Human Astrocytes

Fibroblasts were grown in DMEM F12 (Gibco) + gentamicin (50mg/ml, Sigma) and
infected with the CytoTune iPS 2.0 Sendai Reprogramming Kit (Thermofisher).
Sendai Reprogramming kit consists of three CytoTune™ 2.0 reprogramming viral
vectors that are used for delivering and expressing key genetic factors necessary for
reprogramming somatic cells into iPSCs (KIf4/Oct3-4/Sox2-KOS, hc-Myc, KIif4).
Fibroblasts were co-infected with a —EmGFP fluorescent reporter plasmid to evaluate
the efficiency of infection. The day after, medium was freshly replaced and infection
was corroborated by checking GFP fluorescence. Seven days later, transduced
fibroblasts were seeded in Geltrex pretreated 60/100 mm plates in Essential 8 Flex

medium (E8, Gibco) with gentamicin. Medium was changed every other day until iPSc
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colonies formation on week 3 or 4 post-infection. Colonies were manually picked up
using a 27G Braun Sterican Needle and replated in laminin-521 coated 6 well plates
with E8 medium with gentamicin and Rock Inhibitor (Millipore, Y-27632). The day

after, medium was changed to remove Rock inhibitor (see figure 12).

Medium Coating Protocol
FB Infection
DMEM F12 - Sendai 2.0
7 days
Transduced
ES
Geltrex FB replating
21-28 days
ES Laminin 521 iPS colonies
Pick colonies
E6 Rinsing EB Generation
solution
2-4 days
Neural Induction Laminin 521 EB Replating
Med. 7 days
Meural Rosettes
Meural Induction Laminin 211 + 111 selection
Med. and seeding
21 days
Astro. Differentiation Med. Laminin 211 + 111 Astrocyte Progenitors
60 days
] Mature
Astro. Maturation Med. Laminin 211 + 111
Astrocytes

Figure 12. Schematic summary of fibroblast reprogramming and astrocyte generation.

Colonies were sequentially picked up, disaggregated and expanded until obtaining
enough colonies. Embryoid bodies (EB) were generated culturing the cells in Essential 6
medium (E6, Gibco) for 2-4 days in the Aggrewell™800 plates (StemCell, 34825).
Microwells of Aggrewell plates were previously treated with Rinsing Solution
(StemCell, 07010) to maintain the colonies in suspension. Fresh medium was added
everyday by removing half-medium of the wells. EBs were then replated and attached
in a laminin 521-211 mix (50% each) coated 6 well plates in the same medium.
Medium was changed daily using the STEMdiff Neural Induction Medium (Stemcell,
05835) to promote the differentiation of the cells to neural lineage until the formation

of Neural Rosettes. After 7 days, Neural Rosettes were selected and detached using
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the STEMdiff Neural Rossete Selection Reagent (Stemcell, 05832). Cells were incubated
for 2 hours with this reagent at 37°C with 5% CO, and then, mechanically
disaggregated and seeded again at single cell level in laminin 211 + 111 (50% each)
precoated plates. Differentiation of neural precursor cells to astrocytes was triggered
using astrocyte differentiation medium (StemCell, 08540). To maintain the appropriate
cell density (70% of confluence) cells were passed every week in the same coating mix
during 21 days. Finally, astrocytes precursor cells were maturated in the Astrocyte
Maturation Medium (StemCell, 08550) for 60 days. Passages of the cells were done
when the cells reached approximately 80% of confluence and cells were always

maintained in laminin 211 + 111 (50% each) precoated plates.

During the whole protocol, the correct state of the cells in each step was checked

using the EVOS FL microscope (Life Technologies, AME4300).

2.3 Characterization of iPSc derived Human Astrocytes

2.3.1 FACS Analysis of the GFAP" astrocytes

Cells (500.000) from each cell line were detached with TryPLE (Sigma) and fixed as
a single cell suspension with 500 ul PFA 4% for 10 minutes. Cells were washed in PBS at
400g 5 min and resuspended in blocking solution (0.5gr BSA in PBS with 0.01% Triton)
with agitation overnight at 42C. The following day cells were washed and incubated
with the primary antibody goat anti GFAP (Abcam, 53554) for 2 h at 4°C. After further
wash for 5 min in PBS-T 0.01% cell suspension was incubated with the secondary
conjugated antibody Alexa fluor 488 donkey anti-goat for 1 h in the dark at 4°C. After a
wash with PBS-T 0.01%, cells were finally resuspended in PBS 1x. Cells were analyzed in
the BD FACSJazz (USB, inFlux Compat.) analyzer using the Blue 488 laser. Unstained

cells were gated and used as a negative control.
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2.3.2 Calcium Imaging

Intracellular calcium (Ca®') levels were estimated by the 340/380 ratio method as
described previously (Mato et al., 2013). Astrocytes were first loaded with fura-2 AM
(5 uM; Invitrogen). Cells were subsequently washed in the recording solution
containing 137 mM NaCl, 5.3 mM KCI, 0.4 mM KH,PQOy4, 0.35 mM Na,HPQO4, 20 mM
HEPES, 4 mM NaHCO3, 10 mM glucose, 1 mM MgCl,, 2.5 mM CaCl,, and 0.5 mg/ml
BSA, pH 7.4. Experiments were performed in a coverslip chamber continuously
perfused with buffer at 1 ml/min by exposing the cells to ATP (100 uM) or FCCP (1 uM).
The perfusion chamber was mounted on the stage of a Zeiss (Oberkochen, Germany)
inverted epifluorescence microscope (Axiovert 35), equipped with a 150 W xenon lamp
Polychrome IV (T.l.L.L. Photonics, Martinsried, Germany), and a Plan Neofluar 403 oil
immersion objective (Zeiss). Cells were visualized with a high-resolution digital
black/white CCD camera (ORCA, Hamamatsu Photonics Iberica, Barcelona, Spain) and
images were acquired every 5 s. Image acquisition and data analysis were performed
using the AquaCosmos software program (Hamamatsu Photonics Iberica). Intracellular
Ca** measurements were expressed as the ratio of F340/F380 and normalized to
baseline values. Results for statistical comparison were calculated as area under the
curve (AUC) of the response for each cell from the start of each compound application.

Data were normalized to compound-induced effect as 100% for representation.

2.3.3 Immunofluorescence

Immunofluorescence for Sox2, Nanog, Oct 4, Tujl, SMA, AFP, GFAP, S100p,
MAP2, NG2 and Blll-tubulin were performed as described previously in
“Experimental Procedures” Part I, 6. Working concentrations of primary

antibodies are specified in Table 4 (Appendix I).

For morphological analysis, cells from the four astrocyte lines were seeded
in glass bottom Cellvis 24 well plates. After fixation in PFA 4% for 8 minutes,
cells were immunostained for GFAP (Goat anti GFAP, Abcam 53554). Alexa fluor

Donkey anti goat was used as a secondary antibody. Images were taken with the
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Celllnsight CX7 High Content Screening (HCS) system (Thermo Scientific) using a
10x objective. Morphological parameters for area (defined as the number of
microns squared of the object), perimeter (length of the boundary of the object)
and ShapeP2A (measure of the ratio of the perimeter squared of the object to 4
times mt times de area of the object) were calculated with High Content Analysis

(HCA) platform. More than 100 cells per cell line were analyzed.

2.4 Analysis of mitochondrial ultrastructure

2.4.1 Sample preparation for Electron Microscopy

Cells were fixed in 4% PFA for 10 min and post-fixed in 3% glutaraldehyde for 30
min. After a wash in phosphate buffer (PB) samples were osmicated (1% OsO4 in 0.1 M
PB; pH 7.4) for 30 min. After 3x10 min washes in 0.1 M PB, samples were dehydrated
in graded ethanol concentrations (50-100%) to propylene oxide and embedded in
epoxy resin (Sigma-Aldrich) by immersion in decreasing concentration of propylene
oxide (1:3 for 30 min, 1:1 for 1 h and 3:1 for 2 h). Samples were then embedded in
fresh resin overnight and allowed to polymerize at 60°C for 2 days. Following
visualization at the light microscope, selected portions were trimmed and glued onto
epoxy resin capsules. Semi-thin sections (500 nm-thick were cut from epoxy blocks
using a Power Tome ultramicrotome (RMC Boeckeler, Tucson, AZ, USA and stained
with 1% toluidine blue. Ultrathin (50-60 nm-thick) sections were then cut with
diamond knife (Diatome, Hatfield PA, USA), collected on nickel mesh grids and stained
with 4 uranyl acetate for 30 min and 2.5% lead citrate for electron microscope

visualization.

2.4.2 Image Acquisition and analysis

Electron microscopy images of mitochondria were taken from randomly selected

fields with a Jeol JEM 1400 Plus electron microscope at the Service of Analytical and

High-Resolution Microscopy in Biomedicine of University of the Basque Country
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UPV/EHU. Images were taken at a magnification of 12000X. Circularity and aspect ratio
(ratio of circularity vs. elongation) were measured with Image J- Software using a self

made plug-in. More than 100 mitochondria were analyzed for each line.

2.5 Mitochondrial membrane potential (AWm) measurement

Rhodamine 123 (Rh123) was used for the assessment of AWm in human
astrocytes. Rh123, a highly positive dye, accumulates in the mitochondria, the most
negative organelle inside the cell in a manner which is dependent on membrane
polarization. Mitochondrial energization itself induces quenching of Rh123
fluorescence. FCCP, a protonophore that dissipates membrane potential is used as a
de-quench inductor. Adding FCCP, Rh123 leaves mitochondria and accumulates in the
soma, increasing fluorescence. The fluorescence intensity in the soma will be directly

proportional to the membrane potential.

Cells were seeded in lbidi (35mm/plate) glass bottom plates in a mean
density confluence of 50-70%. Cells were treated with Rh123 10uM for 15 min in
the incubator at 372C in 5% CO,. Then, Rh123 was washed with 900ul HBSS. At
this point, time lapse was performed using the confocal microscope Leica TCS STED
CW SP8. After the first minute, 100 pl FCCP 1 uM were added to the plate. Time
lapse recording was performed for a total of 5 min (Snap every 15 sec).
Fluorescence intensity after FCCP treatment was measured with the Leica LASX

Software and data (n=3) was analyzed with GraphPad Prism 5.

2.6 Measurement of mitochondrial function and glycolytic activity

The oxygen consumption rate (OCR), as an indicator of mitochondrial

respiration, the extracellular acidification rate (ECAR), as indicator of glycolytic

activity, and the proton efflux rate (PER) which correlates with lactate

production, were measured with the Seahorse XF96, extracellular flux analyzer.
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For the analysis of mitochondrial respiration, human astrocytes (30000 cells/
mm2) were seeded in laminin 211+111 precoated wells. The day of the experiment,
cell medium was changed to Mito XF Medium (XF basal medium with phenol red,
0.001 M piruvic acid, 0.002 M glutamine, glucose 0.01 M, pH 7.4). The OCRs were
obtained after the sequential treatment with oligomycin (2 uM), FCCP (1 uM), and
rotenone combined with antimycin A (0.5 uM). To measure the glycolytic activity, the
same protocol was followed with some important modifications. The day of the
experiment, cell medium was changed to Glico XF Medium, which does not contain
phenol red (DMEM Base Medium without Phenol Red with 5 mM HEPES, 10 mM
glucose, 1 mM sodium pyruvate, 2 mM glutamine, pH 7.4 at 372C). The ECAR and PER
were obtained after the sequential treatment with rotenone combined with antimycin
A (0.5 uM) and 2DG (50mM) respectively. Four replicates were performed for each
condition or cell type for every experiments (n=3). Data was analyzed with the Wave

2.4.0 software.

2.7 Western blot for detection of oxidatively modified proteins

2.7.1 Sample preparation

Cells (30.000/well) were seeded in 24 well plates and solubilized by adding
equal volume of 2X Extraction Buffer to the culture media directly to the cells.
The mixture was incubated for 20 in on ice. The carbonyl groups in the protein
side chains were derivatized to 2,4-dinitrophenylhydrazone (DNP-Hydrazone) by
reaction with 2,4 —dinitrophenylhydrazine (DNPH). Two aliquots of each sample
were prepared to be analyzed simultaneously. One aliquot was treated with
“derivatization reaction” (DNPH Solution) and the other aliquot, that was used
as control was treated with “derivatization control reaction”. Samples were
prepared according to manufacturer’s instruction with all the reagents provided
in the kit (Oxidized protein Western Blot detection kit, Abcam, ab178020).

Protein concentration was quantified with a detergent-compatible assay reagent
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(Pierce BCA Protein Assay Kit) according to the manufacturer’s instructions

(ThermoFisher Scientific).

2.7.2 SDS-PAGE and western blotting

Protein samples were separated by SDS-PAGE using Criterion TGX Precast
Any KD Tris-Glycine polyacrylamide gels (Bio-Rad). Electrophoresis was
performed in a Tris-Glycine buffer (25 mM Tris, pH 8.3, 192 mM glycine, 0.1%
SDS in dH,0) by using the Criterion cell system (Bio-Rad). Gels were transferred
to Trans-Blot Turbo Midi Nitrocellulose Transfer Packs (Bio Rad, Hercules, CA,
USA). For immunoblotting, unspecific epitopes were blocked in PBST buffer
(1,4mM KH,PO4, 8mM NA,HPO,4, 140 mM NaCl, 2.7 mM KCI containing 0,05%
Tween 20, pH 7.3) in the presence of 4% BSA (Sigma-Aldrich) during 1h at RT.
Then, membranes were incubated overnight with the specific primary antibody
(Rabbit anti DNP antibody, 5000x) at 4°C with gentle shaking. Afterwards,
membranes were washed three times with PBST and incubated with secondary
antibody (Conjugated Goat anti rabbit HRP, 5000x) in the blocking solution for 1
h at RT. Finally, membranes were again washed three times with PBST and once
with PBS. Immunoreactive bands were detected by using enhanced
electrochemical luminescence (Super Signal West Dura, Pierce) and visualized

using the ChemiDoc XRS Imaging System (Bio-Rad).
2.8 Effect of astrocytes in neuronal survival

2.8.1 Neuron-Astrocyte Co-cultures

Primary cultures of cortical neurons were established from E20 Sprague—Dawley
rat embryos (CharlesRiver Laboratories) as described elsewhere (Arrasate et al., 2004),
with minor modifications. Pregnant rats were killed with CO,, and their embryos were
extracted and decapitated. The brain cortices were isolated from the embryos and

dissociated with 1.5% papain (Worthington) for 10 min at 37 °C, followed by a 10-min
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treatment with DNAsel (Sigma). Finally, the tissue was treated for 20 min with a trypsin
inhibitor (Sigma) to inhibit the papain, and individual neurons were obtained by
mechanical digestion in Opti-MEM (Gibco) supplemented with 0.8% glucose (Sigma),
gentamicin (Gibco), and fungizone (Gibco). The neurons were plated at a density of 5 x
10> neurons per well in 24-well plates (Costar) coated with laminin (BD Biosciences)
and poly-D-lysine (Millipore), prewarmed to 37 °C. For immunofluorescence, 2.5 x 105
neurons per well were plated in 24-well plates with glass coverslips (Thermo Scientific)
coated as described previously. After 1 h, once the neurons had attached to the
coverslips, the Opti-MEM was replaced with Neurobasal medium (Gibco)
supplemented with 5% FBS (HyClone), 1% GlutaMAX (Gibco), 2% B27 (Gibco),
gentamicin, and fungizone. Neurons were then incubated at 37 °Cin 5% CO, for 5 days
until transfection with a plasmid expressing the fluorescent protein m-Cherry with

Lipofectamine 2000 (Invitrogen, Carlsbad, CA)

Human Astrocytes (75,000 or 150,000 cells/well) were added to the wells 1d after
neuronal transfection. The co-cultures were longitudinally tracked for 8 days for

survival analysis.

2.8.2 Automated Image Acquisition

Transfected primary cortical neurons co-cultured with astrocytes in 24-well plates
were placed on a Zeiss Observer Z1 microscope equipped with a chamber that
maintains stable temperature and CO, at 37 °C and 5% CO, (Zeiss). Images were
automatically acquired at determined positions with a 10x long-distance objective in
one or different channels designating those positions with particular spatial
coordinates. Once the full set of images had been acquired, the plate was returned to
the incubator until a new set of images was acquired. For a typical survival experiment,
10 positions per well and four wells per condition were used. Positions were chosen
randomly, making the selection of neurons to be analyzed unbiased. A template with
the same initial spatial positions is used throughout the experiment, following exactly

the same neuronal fields.
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2.8.3 Image Processing and Statistics

For survival experiments, MATLAB-based semi-automated ad hoc programs were
developed for image analysis and to estimate the survival times of individual neurons.
The program shows the same neuronal field sequentially at all the different
experimental times. At the initial time, the neurons were selected and numbered. In
the rest of the time series, the software opens each image, and the user compares it
with the previous time. Dead neurons are identified and categorized as uncensored
events. Neurons that survive until the end of the experiment are considered censored
events. The data were exported to Excel, and all further survival analyses were
performed with STATA 12. The Nelson—Aalen cumulative hazard function was used to
plot the differences in the cumulative risk of death among the experimental groups.
These differences were analyzed with a log-rank test and clustered Cox regression
models, as long as a proportional hazard assumption was fulfilled (Schoenfeld residual-
based test evaluation or graphical assessment). Since transfection conditions are not
controlled at the level of the individual neuron, a clustered Cox regression analysis of
neurons coexisting in the same well was performed to improve the accuracy of the
test. In addition, and because all experiments were repeated at least twice, the
variability in the baseline toxicity between experiments was adjusted by stratifying the
Cox model for each experiment, as long as there was more than one well per condition
in any experiment. In experiments with one well per condition in all of the grouped
experiments, well and experiment become equivalent, so clustering the wells was

sufficient, and no stratification was applied.

2.9 Statistical analysis

All data were expressed as mean + S.E.M. Statistical analysis were performed using

absolute values. GraphPad Prism software was used applying one-way analysis of

variance (ANOVA) for multiple comparisons and one-tailed. Paired Student’s t test for

comparison of the groups has been used when necessary.

57



APPENDIX |

Primary Antibody Reactivity Reference Dilution
GFAP Rat, Human Abcam (ab53554) 1:1000
BlIl tubulin Rat Abcam (ab18207) 1:500
Human a-synuclein (LB509) Human Invitogen (180215) 1:300
Human a-synuclein (syn211) Human Abcam (ab80627) 1:300
Rat a-synuclein Rat Cell Signaling (D37A6) 1:200
S100b Human Dako 1:400
SOX2 Human Santa Cruz (17320) 1:300
Oct4 Human Santa Cruz (sc-5279) 1:100
Nanog Human Abcam (ab21624) 1:1000
MAP2 Human Abcam 1:500
NG2 Human Abcam (ab50009) 1:300
Bl tubulin (Tuj 1) Human Thermo Fisher (A25538) 1:500
Smooth muscle actin, SMA IgG2a Human Thermo Fisher (A25538) 1:200
a-fetoprotein, AFP IgG1 Human Thermo Fisher (A25538) 1:500

Table 1. Primary antibodies for immunocytochemistry
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Copy Number State
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Appendix Il. Whole genome view. The whole genome view displays all somatic and sex
chromosomes in one frame with high level copy number. The smooth signal plot (right y-axis)
is the smoothing of the log2 ratios which depict the signal intensities of probes on the
microarray. A value of 2 represents a normal copy number state (CN = 2). A value of 3
represents chromosomal gain (CN = 3). A value of 1 represents a chromosomal loss (CN = 1).
The pink, green and yellow colors indicate the raw signal for each individual chromosome
probe, while the blue signal represents the normalized probe signal which is used to identify
copy number and aberrations (if any). A, B and C correspond to Ctrl 2, PD 1 and PD 2
respectively, and do not show any alteration.
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1.1 Rat cortical neurons and astrocytes internalize exogenous human a-synuclein

To determine if astrocytes and neurons internalize to exogenous human a-syn
(ha-syn), we treated primary rat neuronal and astrocyte cultures with the insoluble
fraction of human LB. Cells were incubated for 24, 72 or 120 h together with 120 pg/ml
of LB containing ha-syn whereas untreated neuronal and astrocyte cultures (t=0) were
used as a control. The ELISA assay with the intracellular extract from treated neurons
and astrocytes demonstrated that astrocytes incorporated ha-syn earlier than
neurons, transiently with a peak between 24 and 72 hours of incubation. In fact, we
observed only a small and not significant incorporation in the neuronal cultures after
120 hours of treatment (Fig. 1.1 A). These results were confirmed also by
immunofluorescence with the antibody LB509 specifically raised against the human

fraction, after 120 hours of treatment (Fig. 1.1 B).
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Figure 1.1. Exogenous ha-syn uptake. (A) ELISA assay. ha-syn was incubated with neurons

=]

Neurons

Astrocytes
Astrocytes

MNeurons
. . ha-syn (ng/ml/pg prot) b

(left) or astrocytes (right) for 24, 72 or 120 h. Untreated cells (0) were used as a control. After
incubation, cells were washed thoroughly with HBSS and cytosolic proteins extracted for ELISA
analysis. Incorporation of ha-syn was normalized for microgram of total protein analyzed. Each
point was triplicated. (B) Immuno-fluorescence showing untreated (Unt.) neurons (labelled in
green with anti-Blll tubulin antibodies - scale bar: 20 um)and astrocytes (labelled in green with
anti-GFAP antibodies - scale bar 20 um) (C) Immuno-fluorescence showing ha-syn (labeled in

red) incorporated in neurons and in astrocytes, after 120 h of incubation. Statistical analysis
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was performed using two-way ANOVA. * indicates a significant difference (p < 0.05) compared

to control, non-treated, astrocytes.

As demonstrated in Figs. 1.2 A and B, ha-syn uptake was toxic for the neurons,
increasing the apoptotic nuclei up to 20%, but not for the astrocytes (Fig 1.2 C, D).
Because LB contains other unspecific and unknown molecules apart from of a-syn, we
decided to pre-treat cells with the molecular tweezer CLRO1 to demonstrate that
neuronal death was specifically induced by the ha-syn contained in the LB extract.
CLRO1 is a “molecular tweezer” that inhibits the toxic forms of the a-syn by inhibiting
or deconstructing the most aggregated forms of the protein (Shina et al., 2012). In fact,
we observed that CLRO1 treatment previously preincubated for 10 days with LB

inhibited the neuronal death.
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Figure 1.2. CLRO1 reduces ha-syn aggregation mediated toxicity in rat primary neurons. Rat
neurons (A) and astrocytes (C) were seeded respectively on poly-lysine and poly-ornithine and
then treated with LB (120 pg/ml), CLRO1 (10uM) or with the combination of LB and CLRO1. LB
was preincubated in gently shaking for 10 days with the CLRO1 before treating the cells. After
5 days of incubation of the cells with the treatment, cells were stained with DAPI. Apoptosis
was calculated as a percentage of nuclei with condensed chromatin versus total nuclei (B, D).
Statistical analysis was carried out with one way ANOVA and analyzed with Bonferroni's

Multiple Comparison Test (n = 4, * p < 0.05) Scale bar: 20 um
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After we demonstrated astrocytes are not sensitive to the ha-syn toxicity we
decided to elucidate the mechanisms by which a-syn can be internalized and why

astrocytes are resistant in contrast to the neurons.

1.2 ha-syn is uptaken by endocytosis

Internalization of a-syn in rat neurons occurs by different mechanisms like for
example by endocytosis. In order to confirm this hypothesis (Bourdenx et al., 2015;
Dehay et al.,, 2015a), we infected both astrocytes and neurons with a commercial
baculovirus bringing the early endosome marker labeled with eGFP. After 16 h of
infection (see material and methods for the detailed protocol), cells were exposed for
72 h to the LB containing the ha-syn. Ho-syn was detected by immunofluorescence
inside the early endosomes in both neurons (Fig. 1.3 A) and astrocytes (Fig. 1.3 B),
suggesting that cells can internalize exogenous a-syn by endocytosis. The next
guestions we wanted answer were: 1. Which are the possible mechanisms by which
ha-syn result toxic to the cell? 2. Can resistant astrocytes transmit the toxic ha-syn to

the neurons? 3. What is the conformational status of internalized ha-syn?

Bacmam
infection LB

Fixation/ immunofluorescence

16h 3dd

Al tub

Figure 1.3. Neurons and astrocytes uptake ha-syn by phagocytosis. Rat cortical neurons
labeled with BIIl tubulin (A) and astrocytes labeled with GFAP (B) were infected by baculovirus

with early endosome GFP marker (A, B). Ha-syn was detected by immunofluorescence (red) in
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neurons or in astrocytes, both in white. Co-localization of endosome marker with ha-synuclein

is shown in yellow and demonstrated by the respective histograms. Scale bar: 20 um.

1.3 Astrocytes display increased lysosomal activity when exposed to ha-syn

Compared to neurons

To evaluate lysosomal activity, we infected neurons and astrocytes with
baculoviruses expressing lysosome markers fused with eGFP, using the same protocol
as with early endosomes. With this experiment, we wanted to understand if
internalized a-syn could be processed by the lysosomes. After 72h of LB exposure, we
found ha-syn colocalizing with lysosomes in both neuron and astrocytes (Fig. 1.4 A, B).
To confirm that ha-syn was localized within the lysosomes and to demonstrate that
lysosomes could be engaged in the a-syn metabolism, we decided to isolate the

lysosomes by FACS and characterize their content (Fig. 1.4 C).

For that purpose, we labeled neuronal and astrocyte lysosomes after baculovirus
infection and analyzed the sorted fractions by ELISA for the presence of ha-syn. This
assay revealed that the presence of ha-syn in astrocytes was approximately 9 times

higher than in neurons although it was not statistically significant (Fig. 1.4 D).
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Figure 1.4. Lysosomal clearance of a-synuclein in neurons and astrocytes. (A) Lysosomes
from treated rat neurons and astrocytes (120pg/ml LB) were labeled after baculovirus
infection as in figure 1.3. Co-localization of lysosome marker with ha-syn is shown in yellow
and demonstrated in the histograms. Scale bar: 20 um. (B) eGFP labeled lysosomes were
sorted by FACS. On the left part of the panel is shown the unlabeled fraction whereas in the
right part the GFP fraction is gated in blue. ELISA assay detected a higher, but not significant,
amount of ha-syn in lysosomes from astrocytes comparing to lysosomes from neurons. (C)
Fluorimetric assay for Cathepsin D activity revealed an increase in the lysosomal activity in
astrocytes compared to neurons. Statistical analysis was performed using t-test (n=3). *

indicates a significant difference (p < 0.05).
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In order to assess if the accumulation of ha-syn corresponds to a further response
in the clearance machinery of the cells, we studied the lysosomal activity of treated
cells. Specifically, we measured the activity of Cathepsin D, a lysosomal protein
implicated in the degradation of a-syn (Sevlever et al, 2008). After 72h of LB
treatment, we lysed the cells and quantified Cathepsin D activity by fluorometric assay.
We found an increase in the activity of the protein in astrocytes compared to neurons
when they were treated with LB. Altogether, these data suggest a more efficient
metabolization of ha-syn by astrocytes compared to neurons. This indicates that ha-
syn after internalization through the endocytic pathway traffics to lysosomes in both

neurons and astrocytes.

1.4 Mitochondrial metabolism is activated in LB treated astrocytes compared to

neurons

In order to study other possible metabolic alterations induced by the
internalization of ha-syn, we investigated the metabolism and activity of mitochondria
in neurons and astrocytes. We measured oxygen consumption rates (OCR) in cells

chronically treated for 72 h with LB (Fig 1.5 A).
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Figure 1.5. Effects of ha-syn in mitochondrial function in rat astrocytes and neurons. OCR is
decreased in LB treated neurons compared to controls. In astrocytes, LB treatment seems to
increase the OCR when treated with LB vs the controls (A). Basal respiration (B) and ATP
production (D) OCR increases in LB-treated astrocytes but not in neurons. Spare respiratory
capacity is decreased in LB treated neurons (E). No statistically significant changes occurred in
maximal respiration (C) and H' leak (F). Statistical analysis was performed using t-test. *

indicates a significant difference (p < 0.05).

The basal respiration and ATP production of neurons is basically higher than the
astrocytes but only the latter can increase the respiration following the LB treatment,
suggesting an activation of the mitochondrial metabolism in response to an energetic
demand (Fig. 1.5 B, D). In contrast, neurons treated with LB decreased the spare
respiratory capacity, suggesting a difficulty to produce extra ATP in case of a sudden

increase of energy demand (Fig 1.5 B-F). We did not observe any significant changes in
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proton leak in neurons nor in astrocytes. We also measured the OCR in cells acutely
treated with LB for one day but we did not observe any significant change (data not
shown). These data suggest that astrocytes, only after internalization of a-syn,
respond efficiently to an energetic demand while neurons fail to activate their

mitochondrial metabolism in the presence of the ha-syn insult.

1.5 ha-syn is transmitted cell-to-cell between neurons and astrocytes

A key feature of proteinopathies in general and synucleinopathies in particular is
the occurrence of cell-to-cell passage of toxic prion-like proteins. Transport of a-syn
from neurons to other cells was already described earlier (see Vargas et al., 2019 for a
review) suggesting a mechanism similar to the prion toxicity. Here we wanted to
confirm these results and study if astrocytes can function as vectors for a-syn
transportation and/or neuronal toxicity. Using a microfluidic chamber system, we
investigated whether ha-syn, once uptaken, can be transported from cell to cell. We
seeded astrocytes and/or neurons in two different compartments of the microfluidic
chamber at the same time. We called the cells incubated with LB as “donors” and the
cells receiving the a-syn by transport to the other compartment as “receptors”. The
cells were in contact only through the microchannels (5 um height and 10 um width)
and passive transport was avoided by incubating the “receptor” cells with the double
of medium indeed increasing the fluidic pressure (Fig.1.6, A). We then checked by
immunofluorescence if ha-syn moved from the “donors” to the “receptor” cells by
using the antibody LB509 raised against the human synuclein. Interestingly, we found
that, after 120 h of incubation, exogenous ha-syn was intercellularly transported from
neurons to astrocytes (Fig. 1.6 B), from astrocytes to neurons (Fig. 1.6 C), from
astrocytes to astrocytes (Fig. 1.6 D) and from neurons to neurons (Fig. 1.6 E). Insets in
figure 1.6 feature higher magnification pictures showing that ha-syn is preferentially
associated with the tight cellular contacts in the microchannels, suggesting a possible
transport through such tight contacts. The fact that astrocytes take up ha-syn so
efficiently and can transmit it to neighbouring cells through physical contact suggests

that astrocytes can actively participate in the spreading of the LB pathology.
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Figure 1.6. Cell-to-cell passage of ha-syn. (A) Microfluidic chamber scheme showing fluid level
at both side and pressure direction. ha-syn was incubated with “donor” cells and transported
intracellularly against fluid flow (arrows), to the “receptor” cells. The inset in A shows the
microgrooves (B—E) Rat cortical neurons (BlIl tubulin+ cells) and astrocytes (GFAP+ cells) were
seeded in the microfluidic chamber. Human LB fractions were incubated for 120 h and ha-syn
(in red) transported in the direction of the arrows. Different combinations of cells were
assayed, from astrocytes to neurons (B), from neurons to astrocytes (C), astrocytes to
astrocytes (D) and neurons to neurons (E). Higher magnification at the level of microgrooves
(white squares) shows the tight contacts between neurites and astrocytic processes. Scale bar:

20 um.

To exclude that “receptors” cells had spread their processes to the “donor” cells

compartments during LB incubation, we first seeded the “donors” cells and let them
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grow for 7 days prior to the “receptors” cells. Also in this case we observed ha-syn
within the “receptors” cells after 120 h of LB incubation, confirming that ha-syn is

actively transported from cell to cell (Fig 1.7, last column).

Active transport was also demonstrated by treating the “donors” cells with D15,
an inhibitor of endocytosis and cellular transport (Fig. 1.7). This pharmacological
treatment before and during the LB incubation prevented the endocytosis of ha-syn in
“donor” cells and the further transport to the “receptors” cells, confirming the active

process of a-syn transportation and the absence of passive diffusion.

Unt. LB LB + D15 LB Dela|ed

Figure 1.7. Inhibition of ha-syn transmission. Neuronal cultures seeded in microfluidic

chambers were incubated in the presence of PBS (CTRL), LB or LB with 50 ug/ml of D15, to
prevent non-specific ha-syn uptake; “receptor” cells were seeded one week later than
“donors” (delayed) to prevent neurite spreading into “receptor” chamber. After 5 days,
neuronal cultures were fixed and stained with Il tubulin (green) and anti-
human a—synuclein LB509 (red). Last row represents 2 x magnification of double fluorescence

in microgrooves of microfluidic chambers. Scale bar: 20 um.
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1.6 Astrocytes spread neurotoxicity by o-syn transmission

After we demonstrated that astrocytes can internalize exogenous a-syn and
transport it to neurons, we investigated if astrocytes could represent a vector for a-syn
toxicity to neurons. To that end, we incubated “donors” astrocytes with LB fractions
and measured neuronal apoptosis in the “receptor” compartment by DAPI or
propidium iodide staining (Fig. 1.8). We observed that ha-syn had little effect on the
apoptosis of “donors” astrocytes whereas apoptosis of “receptors” neurons
significantly increased (approximately 40% in Fig.1.8 E). Notably, neuronal apoptosis
induced by ha-syn transported from the astrocytes was higher than apoptosis

triggered by direct application of LB to neurons (as shown in Fig. 1.2).
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Figure 1.8.Transmission of ha-syn from astrocytes to neurons induces neuronal apoptosis.
Rat cortical neurons and astrocytes were seeded into the microfluidic chambers as “receptors”
and “donors” cells, respectively. Human LB fractions were added to the astrocyte (+)
compartment. After 5 days of incubation, both astrocytes and neuronal nuclei were stained
with DAPI (A-D) or with propidium iodide (F). Apoptotic cell death was calculated in both
compartments as a percentage of condensed nuclei (white arrows) vs total nuclei (E) or as a
percentage of Pl positive cells vs DAPI (F). In the untreated “Unt.” chamber, used as control for
basal apoptosis, not neurons (-) neither astrocytes (-) were incubated with LB (A, B). Statistical

analysis was performed by using t-Test Student (n =6, * p <0.01). (A-D) scale bar: 20 um.

Our data clearly show that ha-syn applied, and transported, from astrocytes to

neurons can kill neurons with a greater efficacy. Although we do not have an
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explanation for this unexpected finding, we hypothesize that LB fractions triggers in
astrocytes the release of substances that may increase LB- transported neurotoxicity

further.

1.7 Uptaken ha-syn activates the overexpression of endogenous a-syn in both

neurons and astrocytes

Next, we asked if exogenous a-syn could activate autologous mechanisms of cell
death. Neurons and astrocytes were exposed for 24, 72 and 120 h to ha-syn-containing
LB fractions and, after Western blot against endogenous a-syn (ra-syn) we observed
interestingly, that cells taking up exogenous ha-syn responded by increasing linearly
the expression of endogenous ra-syn over-time (Fig. 1.9 A and B). Both cell types up-
regulated the expression of ra-syn already after 72 h of treatment (Fig. 1.9 B) with a
stronger increase in neurons with levels of expression up to 19-fold after 120 h of
treatment. On the other hand, up-regulation of ra-syn in astrocytes, was only 6-fold
(Fig. 1.9 B). We decided to treat cells in multiwell and not in microfluidic experiments
because the number of cells used in the microfluidic chambers were not sufficient to
extract enough amount of total protein. In line with data obtained with Western blot
analysis, immunofluorescence with specific antibody against ra-syn confirmed the
upregulation of endogenous a-syn induced by LB fractions in astrocytes (Fig. 1.9 C) and
neurons (Fig. 1.9 D). Taken together, these results, in accordance with those previously
shown, also suggest a higher susceptibility of neurons to ha-syn-containing LB
fractions. Moreover, we observed that endogenous ra-syn had an intracellular
distribution different from that up taken ha-syn, localizing especially at membrane

level, whereas ha-syn is more cytosolic (Fig. 1.9 C and D).
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Figure 1.9. Ha-syn induces overexpression of endogenous a-syn in both neurons and

astrocytes. (A) Western blot of endogenous ra-syn in neurons and astrocytes previously
incubated with ha-syn for 24, 78 and 120 h After incubation, cells were washed with HBSS and
total protein extracted for Western blot analysis. Detection of endogenous ra-syn was
performed by using the rodent-specific antibody D37A6 and (B) quantified by fluorescence
after normalization with GAPDH (each point was duplicated in the WB assay). Statistical
analysis was performed using two-way ANOVA. * indicates a significant difference (p < 0.05)
compared to control, non-treated, neurons and astrocytes respectively. Immunofluorescence
staining of ra-syn expression after ha-syn exposure in astrocytes (C) and neurons (D) and its
guantification by intensity level. Astrocyte and neuron cultures were incubated for 5 days with

ha-syn, then fixed and stained with anti-GFAP (green), , anti-ra-syn (white), anti-ha-syn (red)
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and nuclei, counterstained with DAPI (blue). Scale bar: 20 um. Quantification was calculated
for densitometry in 6 different fields using the public software Image J. Data are expressed as
arbitrary units after threshold subtraction. * indicates a significant difference (p < 0.05)

compared to control, non-treated cells.

1.8 Levels of oligomeric ha-synuclein are similar between neurons and astrocytes

after transmission from astrocytes

Because none of the antibodies used to detect a-syn can discriminate between
oligomeric (toxic) and monomeric form we used the a-synuclein proximity ligation
assay (AS-PLA), a novel technique that allows the detection of protein-protein
interactions with a very high sensitivity. In our case, AS-PLA selectively recognizes
oligomers of human origin, while presenting minimal recognition of monomeric and
fibrillar ha-syn. We wondered whether the a-syn we observed in astrocytes and
neurons could be in form of oligomers, thus triggering the neuronal death or astrocyte
resistance. We detected the typical spotted signal in both neurons and astroctytes
treated with LB for 72 h, indicating the presence of oligomeric species of ha-syn. After
quantification, the total number of PLA puncta was similar between the two cell types

(Fig. 1.10 A).

We also performed the AS-PLA in microfluidic experiments to understand if
astrocytes can transfer oligomeric ha-syn and induce neuronal toxicity. We incubated
“donors” astrocytes with LB fractions and three days after the treatment, cell cultures
where fixed. In order to detect oligomeric and total ha-syn we performed the AS-PLA
assay and co-inmunofluorescence with the syn211 antibody respectively. AS-PLA spots
and total a-syuclein were counted per field in the astrocytes (“donor”) and in the
neuron (“receptor”) compartments. We didn’t find significative differences of ha-syn
oligomers (AS-PLA) nor in the total apha synuclein (antibody’s signal) between the two
compartments (Fig 1.10 B and C), suggesting that the increase of oligomeric species of

the ha-syn is not directly responsible of the neurotoxicity.
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Figure 1.10. Detection of oligomeric species of ha-syn by PLA. (A) Rat cortical neurons and
astrocytes were treated with LB fractions for 72, and then stained by PLA. PLA puncta were
found both in neurons and astrocytes. (B, C) In microfluidic experiments, LB was added to the
astrocyte side and five days later, oligomeric and total a-synuclein were measured both in the
astrocyte (donor) and in neuron (receptor) compartments. No differences were found neither
in the total ha-syn nor in the PLA puncta. Quantification of normalized puncta per field (4
fields) in triplicate experiments (n=3) using a One-way ANOVA (Bonferroni, * p < 0.05). Scale

bar: 20um.
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Summary |

In this first part we confirmed that both neurons and astrocytes endocytose
exogenous ha-syn (LB extracts). This process results in an increase of toxicity in
neurons whereas astrocytes are more resistant. Indeed, astrocytes exhibit an increase
in lysosomal activity and activate mitochondrial metabolism in response to exogenous
ha-syn, as demonstrated by the increase of basal respiration and ATP production.
Moreover, we have demonstrated that exogenous ha-syn can be transmitted between
the cells directly in every possible combination. Interestingly, astrocytes induce
neuronal apoptosis through the ha-syn transportation, in part activating an
endogenous program of a-syn translation. Altogether, we conclude that astrocytes
represent an important element in the onset and spread of neuronal toxicity induced

by a-synuclein.
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Figure 1.11. Schematic representation of results obtained in rat primary cultures.
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2.1 Generation and characterization of highly homogeneous iPSc derived functional

astrocytes

Human astrocytes were generated from reprogrammed fibroblast into iPS cells
using modifications of previously published protocols (Mormone et al., 2014; TCW et
al., 2017). Astrocytes were obtained from four independent donors: two PD patients

G2019S

carrying LRRK2 mutation (PD1 and PD2), and two matched healthy controls (Ctrl 1

and Ctrl 2) (see Experimental Procedures, Table 3 for details).
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Figure 2.1. Human astrocyte generation process. (A) Fibroblasts were reprogrammed to iPSc
by Sendai virus infection containing the 4 Yamanaka factors (MOKS). Three weeks later,
reprogrammed fibroblasts generated iPSc colonies, which were positive for Sox2, Oct 4 and
Nanog pluripotency markers. (B) Embryoid bodies (EBs) generated from iPSc were positive for
three germ layers markers (Tujl, SMA and AFP). One week after the neural induction, neural
rosettes were formed and selected for astrocyte differentiation. Twenty one days later, almost

all of the cells became astrocyte progenitors and were positive for GFAP and S1008.
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The iPSc generated from fibroblasts were characterized by immunofluorescence
using the pluripotency markers SOX2, Oct4 and Nanog (Fig. 2.1 A). Thus, positive iPSc
colonies were picked and cultured in suspension as Embryoid Bodies (EB). We could
maintain a homogenous volume and increase the number of the EB by culturing EB in
the Aggrewell microwells. At this stage, cells were able to differentiate to any of the
three germ layers; hence, we performed a differentiation assay by
immunofluorescence for AFP (Alpha-fetoprotein, endoderm marker), SMA (smooth
muscle actin, mesoderm) and Tujl (Neuron-specific class Ill beta-tubulin, ectoderm).
Indeed, EBs were able to differentiate to each of the different lineages, confirming the
pluripotentiality of the cells. Then, to induce the differentiation of the cells into the
neural linage, we favored the formation of Neural Rosettes (Fig. 2.1 B, see also
Materials and Methods for more details). Properly formed neural rosettes were
selected, disaggregated at single cell level and seeded in a laminin mix (LN211+LN111)
coated plates. This specific laminin mix imitates the extracellular matrix of the
astrocytes, favoring the formation of astrocytes progenitors already positive for the
GFAP marker (Fig. 2.1 B) (Yap et al., 2019). After 60 days of maturation, cells remained
positive for GFAP and S100B, but negative for the markers of other neural derived
lineage, MAP2 and pBlll-tub (neurons) and NG2 (oligodendrocytes) showing the
astrocyte phenotype in approximately the 95% of the population as evidenced by

immunofluorescence and by cytofluorimetry assay for GFAP (Fig. 2.2 A-B).
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Figure 2.2. Characterization of mature human astrocytes. (A) After 60 DIV, mature astrocytes
were positive for the astrocyte markers GFAP and S100B but negative for MAP2 (neurons) or
NG2 (oligodendrocytes). Nevertheless, we observed a low expression of B-lll-tub. Scale bar
20um. (B) Cytofluorimetric analysis confirms that approximately 95% of the cells were positive

for GFAP (Ctrl 2 is shown as an example).

2.2 Parkinson’s Disease astrocytes display atrophic morphology

During the process of final differentiation, we observed by simple phase contrast

analysis that the size of the astrocytes generated from the PD patients was
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dramatically smaller and with a simpler complexity compared to the control lines (see

also figure 2.2A).

The morphological analysis of astrocytes was performed after
immunofluorescence by measuring the area marked by GFAP. We found important
differences between control and PD astrocytes in terms of size (area). As evidenced by
microscopic analysis, the area of the control astrocytes was up to 8 times bigger than

the PD astrocytes (Fig. 2.3).
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Figure 2.3 Quantification of human astrocytes area. (A) Immunostaining with GFAP antibody

in Ctrl and PD astrocytes. ii) Represent a higher magnification of i) Scale bar: 20um. (B)
Measurement of the area reveals that Ctrl astrocytes are up to 8 times bigger than PD

astrocytes. (p=0,05*; One way-ANOVA)

We further analyzed the morphology and complexity of the cells by High Content
Screening technology, a machine learning method that guarantees the reproducibility
of the measurement. After GFAP labeling, we confirmed the measurement of the area,
together with the analysis of the perimeter and the ShapeP2A, an index for the
complexity of the cells that takes in account both perimeter and area of the cells
(expressed as 4*perimeter’/m*area). We found that PD astrocytes were less complex

as compared to the controls (Fig 2.4).
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Figure 2.4. Morphological analysis of human astrocytes. Measurement of the area (A),
perimeter (B), and the complexity index (C) of Ctrl and PD astrocytes reveals that Ctrl

astrocytes are bigger and more complex PD astrocytes (p=0,05*; One way-ANOVA).

Together, these data suggest that PD astrocytes have an atrophic and less complex
morphology compared to control astrocytes suggesting a deficient support for the

basal neuronal functions.

2.3 Astrocytes characterization by functional Calcium imaging.

In order to analyze the functionality of generated astrocytes and to characterize
the response to generic stimuli, we measured basal intracellular calcium and analyzed
the effects of several modulators like ATP and FCCP on intracellular calcium levels
[Ca2+]i. We did not observe [Ca2+]i influx in basal conditions in any of the lines (Fig. 2.5
A). However, astrocytes responded to ATP (100 uM) and FCCP (1 uM), by increasing

>*];. The response to ATP was similar for Ctrl 2 and PD lines whereas

the levels of [Ca
Ctrl 1 showed a stronger response to extracellular ATP (Fig 2.5 B). We incubated the
astrocytes with FCCP to monitor the mitochondrial membrane potential (AWm) as a
measure of mitochondrial health and cell viability. Exposure to FCCP did not evidence
significant differences in [Ca?']; levels between Ctrls and PD (Fig 2.5 C). This result was
also confirmed after time lapse recording of cell fluorescence and quenching of

Rhodamine 123 with FCCP (Fig 2.5 E). Altogether, these findings confirmed that the

generated astrocytes express functional receptors for ATP and have similar
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mitochondrial membrane potential with no significant differences between cells

originating from healthy controls and PD patients.
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Figure 2.5. Measurement of Ca** responses to diverse modulators in human astrocytes. (A)
Measurement of the basal intracellular Ca** does not show any difference in fura-2
fluorescence between lines. (B) PD astrocytes and Ctrl 2 show lower intracellular Ca** levels
after addition of ATP (100 uM) compared to Ctrl 1, even if all the lines respond to this agonist.
(C) [Ca*]; levels increase similarly after the addition of FCCP (1 uM) in Ctrl and PD lines. (D)
Representative images of the four lines after the addition of Fura-2. (E) Measurement of
mitochondrial membrane potential. PD 2 shows the lower mitochondrial membrane potential
than the remaining lines. Statistical analysis was performed using one way ANOVA. * indicates

a significant difference (p < 0.05).
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2.4 Mitochondrial metabolism and morphology in PD astrocytes.

2.4.1 PD LRRK2°%%'% astrocytes display an impairment in mitochondrial

functionality but an aerobic respiration.

We next analyzed if there were alterations in mitochondrial metabolism between
Ctrl and PD astrocytes. Indeed, LRRK2 protein interacts with mitochondrial membranes
and many other regulators of mitochondrial respiration. The mutation in this gene
affects mitochondrial functionality in fibroblasts or neurons in different PD models.
Thus, to assess mitochondrial metabolism in PD astrocytes we used different
experimental parameters. First, we measured mitochondrial oxygen consumption rate
(OCR) of the two groups performing a live-cell metabolic assay. We found that PD
astrocytes showed lower OCRs, in terms of maximal and basal respiration (even if not

significant) and ATP production compared to healthy astrocytes (Fig 2.6 A-D).
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Figure 2.6. Mitochondrial functionality of control and PD LRRK2 astrocytes. (A) Oxygen

consumption rates (OCRs) of Ctrl and PD astrocytes. (B) Basal respiration (even if not
significant), (C) maximal respiration and (D) ATP production are reduced in PD LRRK2°%'%
astrocytes compared to controls. (E) Spare respiratory capacity and (F) H+ Leak do not show
statistically significant changes (n=4). Statistical analysis was performed using one way ANOVA.

* indicates a significant difference (p < 0.05).
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According to previous results, demonstrating that cells that fail to produce ATP
can switch from oxidative phosphorylation to an aerobic glycolytic respiration (Rafikov
et al.,, 2015), we observed in PD astrocytes an increase of general extracellular
acidification rate (ECAR). Specifically, we observed a significant 1.5 fold increase of the
basal (Figure 2.7B) and compensatory (Figure 2.7E) glycolysis and, concordantly, a
similar increase of the proton efflux rate (PER) as a meaning of lactate production

(Fig 2.7E).
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Figure 2.7. Measurement of the glycolytic activity in control and PD LRRK2 astrocytes.
(A) Extracellular acidification rate (ECAR) of Ctrl and PD astrocytes. (B) Basal glycolysis, (C)
Basal proton efflux rate (PER) and (E) Compensatory glycolysis are increased in PD astrocytes
compared to the controls. (D) PER from glycolysis is similar in the four lines (n=3). Statistical

analysis was performed using one way ANOVA. * indicates a significant difference (p < 0.05).
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2.4.2 Mitochondrial morphology is disrupted in PD astrocytes compared to controls.

Mitochondrial dysfunction is usually corroborated by an altered morphology of
the organelle (Picard et al., 2013). Thus, we decided to compare the intracellular
distribution and the ultrastructural morphology in healthy and PD astrocytes.
Mitochondrial distribution was observed after cell labeling with Rhodamin 123. In
healthy astrocytes, mitochondria were elongated and interconnected, forming a
homogenous network distributed in the entire cytoplasm, not only in the soma but
also in the projections (Fig. 2.8 A, first two images). In contrast, PD astrocytes showed
less mitochondria, apparently more fragmented and mainly accumulated at the
perinuclear level but not along the processes (Fig 2.8 A, last two images). This
distribution was also observed and corroborated after the staining with Mitotracker
(data not shown). These observations could partially explain the differences in the

efficiency of mitochondrial respiration observed by the OCRs measure.
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Figure 2.8. Analysis of mitochondrial morphology. (A) Mitochondrial staining with Rhodamin
123 showed a very different mitochondrial morphology between Ctrl and PD astrocytes.

Squares represent a higher magnification of the field. Scale bar 20um. (B) Representative
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images of mitochondrial ultrastructure in Ctrl and PD astrocytes. (C) Circularity (considers the

value of 1 as the perfect circle) and (D) aspect ratio (ratio of circularity vs. elongation) reveal a

G2019s

more rounded shape in PD LRRK2 mitochondria compared to the control which are in

contrast more elongated. More than 100 mitochondria were analyzed for each line. Statistical

analysis was performed using one way ANOVA. * indicates a significant difference (p < 0.05).

The mitochondrial ultrastructure observed by electron microscope evidenced
major differences between healthy and PD astrocytes. The measurement of the
circularity, which is usually taken as an index of ROS production (Ahmad et al., 2013),
evidenced that mitochondria of PD 1 and PD 2 were more rounded than in the controls
(Fig 2.8 C). Accordingly, the Aspect Ratio, (the major axis vs the minor axis of the
mitochondria) confirmed the difference of morphology between the control and PD
lines. Ctrl 1 and Ctrl 2 showed a higher aspect ratio, suggesting the presence of more
elongated mitochondria in healthy lines (Fig 2.8 D). It is worth to mention that
apparently also the mitochondrial crests seemed to have an altered morphology in PD

lines (work in progress).

2.4.3 PD astrocytes show higher levels of oxidized proteins compared to controls.

Since mitochondrial oxidative stress causes imbalance in mitochondrial
fission/fusion (Wu et al., 2011) and fragmented mitochondria are associated to higher
levels of ROS (Jan Jezek et al., 2018), we investigated if metabolic and morphological
profiles observed in PD astrocytes corresponded to an altered level of ROS production.
We measured the carbonyl groups of total proteins extracted from Ctrl and PD lines as
a meaning of protein oxidative status (detected as DNP after derivatization). We found
by Oxyblot assay, higher amount of oxidated proteins in both PD astrocytes lines
compared to the controls (Fig 2.9 preliminary data), suggesting a basal oxidative status

of PD vs Ctrl astrocytes.
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Figure 2.9. Detection of oxidized proteins in astrocyte protein lysates. Western Blot for DNP
detection show a higher amount of oxidized proteins in PD1 and PD2 compared to both

control lines. “Neg” is the non-derivatized negative control of each line. n=1, preliminary

result.

62015 mutation corresponds to a general

Altogether, we suggest that LRRK2
mitochondrial dysfunction in astrocytes, in terms of mitochondrial respiration, cellular

localization and ultrastructural morphology.

2.5 PD astrocytes increase the risk of neuronal survival in a neuron-astrocyte co-

culture.

To evaluate if astrocyte can trigger the neurodegenerative process observed in PD,
we co-cultured human astrocytes with rat primary neurons. Neurons were transfected
with the fluorescence protein m-cherry to follow in a longitudinal study (during 8 days
in culture) the morphological changes that human astrocytes could induce. Minimal
survival time was estimated for each individual neuron in the co-culture and the Cox
proportional hazard (CPH) analysis (see Experimental Procedures, part Il) indicated
that the presence of PD astrocytes significantly increased the risk of death unlike to

what observed in the co-cultures with healthy human astrocytes (Fig 2.10).
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Figure 2.10. Evaluation of the contribution of human control and PD astrocytes to the risk of
neuronal death. (A) Schematic representation of the set up of the experiment. Five days after
seeding the neuronal primary cultures, cells were transfected with the plasmid pCAGG-m-
cherry. The day after, human astrocytes were added to the culture and single neurons were
tracked longitudinally for 8 days by epifluorescence. (B and C) Representation of the
cumulative hazard risk for the neurons generated by the presence of the human astrocytes

(log-rank test; n = 2, around 150 neurons per condition, **P < 0.01, ***P < 0.001).

Summary |l

In this second part we have generated and partially characterized functional
human iPSc-derived astrocytes from healthy and PD (LRRK2°%°'%%) donors. We have
observed for the first time an unexpected atrophic morphology of the mutated
astrocytes compared to the controls, with a much smaller area and less complexity
than the controls. These astrocytes display compromised mitochondrial morphology,
loss of ATP production, less basal respiration and increased glycolytic activity
compared to the healthy controls, together with higher production of oxidized
proteins. More importantly, the atypical characteristic of PD astrocytes corresponds to

an increase of the risk of neuronal death when co-cultured together.
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Discussion

Astrocytes constitute the most abundant glial subtype in the brain and are
responsible for a great range of functions that are essential for brain homeostasis and
neuronal health. However, until now, there are few studies about their role in
neurodegenerative diseases, and concretely in Parkinson’s Disease. Nevertheless,
those studies have demonstrated the important implication of astrocytes in the
pathophysiology of the disease, revealing that the disruption of astrocyte biology can
be involved in dopaminergic neuron degeneration. In this work, we have
demonstrated the implication of astrocytes in the onset and progression of PD in two
different models: rat primary cultures treated with human LB extracts, which mimics
G2019S

the sporadic cases of PD, and human iPSc derived astrocytes with LRRK2

mutation, as an example of the genetic forms of the disease.

In the first part of the work, we confirmed that both rat neurons and astrocytes in
contact with LB extract internalized exogenous ha-syn by endocytosis. Incorporation of
ha-syn resulted in neuronal toxicity whereas astrocytes were more resistant. Indeed,
astrocytes exhibited increased lysosomal activity and activated mitochondrial
metabolism in response to exogenous ha-syn. Moreover, astrocytes, can transport
non-degraded ha-syn to neurons and induce neuronal death activating the
endogenous program of a-syn translation (Fig 1.10). We propose that lower lysosomal
activity, lower mitochondrial metabolism and the activation of the endogenous a-syn

can be among the mechanisms responsible for neuronal death in PD (see Figure 1.11).

In the second part, we have generated and characterized human iPSc derived

62019 mutation. We have reported for the first time an

astrocytes carrying the LRRK2
atrophic morphology of the astrocytes derived from PD patients donors. It is worth to
note that similar aberration has been observed also in in iPSc derived astrocytes
generated from AD patients (Jones et al., 2017). Moreover, astrocytes from PD
displayed altered mitochondrial morphology and compromised functionality, together
with higher production of oxidized proteins. The decreased mitochondrial metabolism
is reflected with increased glycolytic activity compared to the healthy controls. Indeed,

dysfunctional PD astrocytes can induce neuronal death when co-cultured with healthy

neurons, suggesting a detrimental role of the astrocytes in the onset of PD. Following
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these general consideration, we will analyze more in detail the results obtained in this

study.

1. Rat primary astrocytes and neurons internalize ha-syn by endocytosis and

transfer the protein to each other

Although a-syn deposits are primarily found in neurons, there are several
evidences demonstrating that they can be found also in astrocytes at advanced disease
stages (Braak et al., 2007; Croisier and Graeber, 2006; Terada et al., 2003; Tu et al.,,
1998; Wakabayashi et al., 2000). These observations were made PD brains in different
cortical and subcortical areas but also in transgenic a-syn mice after intracerebral
injections of fibrillar and soluble forms of a-syn (Sacino et al., 2014). In line with this
hypothesis, several groups demonstrated that astrocytes can readily take up
recombinant forms of extracellular a-syn in vitro (Fellner et al., 2013; Lee et al., 2010b;

Rannikko et al., 2015; Lindstrom et al., 2017).

In our study, we confirm that astrocytes can internalize exogenous ha-syn present
in LB extracts. Thus, rat cultured astrocytes internalize higher quantity of ha-syn and
more rapidly than neurons as shown by ha-syn ELISA (Fig 1.1 A). The mechanism of
internalization we suggest is by endocytosis (Fig 1.3) though we haven’t identified the
receptors that mediate endocytosis yet. There are many candidates for this function;
for example heparan sulfate, PrP® or lymphocyte- activation gene 3 (LAG3) can
mediate the uptake of fibrillary but not of the soluble form of a-syn in neurons (Auli¢
et al. 2017; lhse et al. 2017; Mao et al. 2016). Another receptor associated with
endocytosis of a-syn is the TLR4 but its involvement has been observed in microglia
but not in astrocytes (Rannikko et al. 2015; Fellner et al. 2013). Among the
intermembrane proteins associated to the endocytosis, dynamin seems to be a serious
candidate to a-syn internalization in astrocytes. Indeed, the dynamin inhibitor D15 we
used in this work, was effective in inhibiting the uptake and transport of ha-syn in the
microfluidic experiments, confirming the in vitro results obtained by other groups

(Rodriguez, Marano, & Tandon, 2018). These findings support the general idea that a-
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syn internalization is a complex mechanism that depends on several factors, cell-,

species- and conformational-specific.

Following endocytosis, a-syn is responsible for different consequences in neurons
and astrocytes. We have demonstrated that accumulation of a-syn in neurons resulted
in higher toxicity and cell death than the astrocytes (Fig 1.2). To confirm the harmful
role of a-syn in neurons, we use the molecular tweezer CLRO1, a drug used in different
animal models for PD but not yet in human, to rescue the treated neurons from the LB
toxicity. CLRO1 inhibits a-syn aggregation in vitro by binding to lysine residues primarily
at the N-terminus of the protein (Sinha et al., 2011). Moreover, it reduces aggregated,
pathologic, and seeding-competent a-syn in a MSA PLP-a-syn mouse model (Herrera-
Vaquero et al., 2019). CLRO1 effect has been compared to the sugar derivative scyllo-
inositol, and the green-tea compound EGCG, having similar effect in AD and MSA and
currently under clinical trial consideration (Shina et al., 2012), suggesting a potential

use of CLRO1 also in PD (Bengoa-Vergnory...Ramos-Gonzalez et al., under revision) .

Beside the direct effect of internalized a-syn into neurons, we proposed that
astrocytes have a direct role in the neuronal death by transporting toxic a-syn
intercellularly. The transport of a-syn between neurons and glial cells is a well
established mechanism of neuronal death spreading (Bourdenx et al., 2015; Brahic et
al., 2016; Dehay et al.,, 2015a; Hansen et al., 2011; Walsh and Selkoe, 2016).
Nevertheless, the mechanism of a-syn transfer, especially the transport from glia to
neurons, remains still intensively debated (Walsh and Selkoe, 2016). Different
mechanisms for a-syn transportation have been suggested, among which the
exocytosis/endocytosis, tunneling nanotubes (TNTs), synapses or synapse-like
structures, and the involvement of several receptors (Goedert et al., 2010; Dunning et
al., 2012; De Cecco and Legname, 2018). In our work we confirm through microfluidic
experiments the neuron-astrocytes transfer whereas we demonstrate for the first time
also the transport from astrocytes to neurons in vitro (Fig 1.6). Our current data,
although not excluding other mechanisms, point out the active uptake of a-syn by
endocytosis preferentially associated with the tight cellular contacts in the microfluidic

microchannels.
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Altogether, these data suggest that astrocytes can efficiently take up exogenous a-

syn, transmit it intercellularly and contribute actively to the spreading of LB pathology.

2. Astrocytes contribute more efficiently to ha-syn degradation

Impairment of autophagy-lysosomal pathways (ALPs) is a major pathogenic event
in neurodegenerative diseases, including PD. Together with lysosomal degradation, it is
considered the main mechanism to eliminate a-syn from neurons, both under normal
and pathological conditions (Lee et al., 2004; Mak et al., 2010). Pathologic a-syn itself
in PD (i.e. mutated, post-translationally modified, or oligomeric/ aggregated) impairs
lysosomal functions, resulting in defective clearance and subsequent accumulation of
abnormal a-syn species and other lysosomal substrates (Emmanouilidou et al., 2010;

Martinez- Vicente et al., 2008).

In this study, we propose a defensive mechanism of rat astrocytes based on the
higher degradation and clearance of a-syn. In fact, we observed a higher co-
localization of a-syn with lysosomes (Fig 1.4, A, B) as well as a higher lysosomal
metabolism evidenced by Cathepsin D activity (Fig 1.4, C-E) in response to LB
treatment. Cathepsin D has been widely used as an indicator of lysosomal activity,
covering an active role in the degradation of a-syn (Quiao et al., 2008). Bae and
colleagues demonstrated that the experimental dysfunction of Cathepsin D and the
consequent reduction of 50% of the proteolytic activity in the lysosomes, promoted
the accumulation of a-syn aggregates within the lysosomes and the toxic transfer of
the protein to the neighbored cells (Bae et al.,, 2015). Our data reinforce the
hypothesis that a major lysosomal degradation correspond to a higher resistance to
toxic a-syn and confirm the recent finding by Loria and colleagues demonstrating an
effective degradation of a-syn fibrils by astrocytes rather than by the neurons (Loria et

al., 2017).

98



Discussion

Altogether, we propose that a-syn accumulation in PD may represent both a cause
and a consequence of impaired proteolytic activity, and that astrocytes in physiological
conditions play an important role in the degradation of the protein, indicating that an

astrocytes dysfunction can be responsible for neuronal death in PD.

3. Mitochondrial function is compromised in astrocytes in both rat and human

models of the Parkinson’s Disease.

The involvement of mitochondrial dysfunction in PD has been reinforced in recent
years by the finding that many of the mutated genes associated with familial forms of
PD, including a-syn and LRRK2, either directly or indirectly affect mitochondrial
function. Multiple studies have demonstrated the effects of a-syn
overexpression/oligomerisation on mitochondrial function both in vitro and in vivo.
These effects include the inhibition of mitochondrial complexes (Subramaniam et al.,
2014) and the increase of mitochondrial fragmentation in the presence of intracellular
a-syn oligomers (Plotegher et al., 2014). By direct measure of the oxygen consumption
rate, we have found that after prolonged treatment with LB, rat neurons failed to
activate their mitochondrial metabolism showing a decrease in maximal respiration
and in spare respiratory capacity. In contrast, astrocytes increase their ATP production
and Basal respiration (Fig 1.5), resulting in a more efficient response to energy
demand. However, in contrast to our findings, other groups reported that the
accumulation of recombinant a-syn in human fetal astrocytes, neurons and fibroblasts
provoked a decrease in mitochondrial function 24h after treatment (Braidy et al.,
2013). Even if we experienced the same response in neurons, our different results in
astrocytes can be explained by the methods we used in our study like for example the
different cell cultures used and the different a-syn concentration used to induce cell
toxicity (approximately 8pM of LB extracts in our case vs. 5uM of recombinant a-syn in

other studies).

These results, in combination with a greater degradation capacity suggest a

higher resistance of astrocytes to exogenous ha-syn mediated toxicity. As mentioned
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before, we suggest that astrocytes can play an initial protective role on neurons by
buffering the extracellular a-syn. If astrocytes are dysfunctional or a-syn threshold
reaches toxic concentrations that cannot be processed efficiently, they become vector

of toxicity by transporting a-syn to the neurons.

We propose that mitochondrial function in genetic PD is altered also under basal

620195 showed decreased

conditions. In fact, iPSc-derived human astrocytes from LRRK2
OCR of the Basal and Maximal respiration and lower ATP production compared to the
healthy cells (Fig 2.6 A-F), which indicates a loss of mitochondrial functionality. On the

other hand, we observed in LRRK2%*%®

astrocytes an increase in the basal glycolysis,
basal PER and compensatory glycolysis (Fig 2.7) compared to healthy controls,
suggesting a compensatory “glycolytic switch” for energy production. We are currently
evaluating the effect of exogenous a-syn on the OCR and the ECAR of these cells in

order to understand their response to one of the major features occurring in PD.

Even if our results with mutated human astrocytes don’t report any concluding
difference in the mitochondrial membrane potential (Fig 2.5 E), suggesting the cells are
viable, we have described important alterations of the mitochondrial morphology. As
shown after mitochondrial staining with Rhodamin 123 and Mitotracker and after the
ultrastructural analysis by EM (Fig 2.8 B-D), mitochondrial morphology looks different

between the control lines and the LRRK2°%°*%°

. Healthy astrocytes evidenced elongated
and interconnected mitochondria (Fig 2.8 A), forming a homogenous network covering
the entire cytoplasm, distributed not only in the soma but also in the projections, while
mitochondria in the LRRK2°°™ lines were more rounded, with tendency to
accumulate perinuclearly, and did not form a very complex network. These
observations suggest impairment of fusion/fission dynamics, a process that helps
transmitting energy across long distances within the cell together with the loss of
function in supporting the synaptic activity. Indeed, any perturbation of these dynamic
processes would be prone to disease phenotypes (Singh, Zhi, & Zhang, 2019). In line

with our data, there are several studies showing that LRRK2 mutation can be

responsible for mitochondrial fragmentation in fibroblasts as well as in neural cells or
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neuroblastoma cell lines (Grunewald et al., 2014; Niu et al., 2012; Smith et al., 2016; Su
and Qj, 2013; Wang et al., 2012).

Multiple studies have demonstrated that LRRK2 mutation is also associated with
an increased susceptibility to oxidative stress and increased cell death (Cooper et al.,
2012; Imai et al., 2008; Mendivil-Perez et al., 2016; Ng et al., 2009; Pereira et al., 2014;
Reinhardt et al., 2013). Oxidative stress is the result of disequilibrium between
excessive production of reactive oxygen species (ROS) and limited antioxidant defenses
and cellular consequences are oxidative damage of proteins, DNA, and lipids (Raha and
Robinson, 2000). Mitochondrial dysfunction on respiratory chain complex has been
linked to increased ROS production in LRRK2 mutant cells (Niu et al., 2012). In line with
these results, as a consequence of mitochondrial damage, we found higher levels of

G2019S

carbonyl groups in LRRK2 astrocytes than the controls, deriving to higher levels of

oxidized proteins in these cells (Fig 2.9) supporting the hypothesis that LRRK26201%5
unchains metabolic cascade that can be harmful for neurons in genetic PD. Even if we
need more studies on regard, these data strengthen the recent growing hypothesis

that PD may be a mitochondrial disorder disease.

4. PD LRRK2°%°'% astrocytes show an atrophic phenotype compared to healthy

controls.

Abnormalities in neurite outgrowth and branching were among the earliest
altered phenotypes observed in LRRK2 mutations (Kleppe et al., 2011; Tsika et al.,
2014; Macleod et al.,, 2006). It was initially proposed that the origin of such
morphological changes could be a consequence of apoptotic processes (Tsika et al.,
2014); however, further studies provided evidence for an association of LRRK2 with
tubulin/actin, thus suggesting that such morphological changes may be consequences
of LRRK2-modulation on cytoskeletal dynamics (Wallings, Manzoni, & Bandopadhyay,
2015). Several evidences suggested the relationship of LRRK2 protein with the
cytoskeleton. The GTPase domain of LRRK2 protein can pull-down a/B tubulin from cell

lysates of mouse fibroblasts and human embryonic kidney (Gandhi et al., 2009); LRRK2
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was also co-precipitated with B tubulin from wild-type mouse brain and recombinant
LRRK2 can phosphorylate B tubulin in vitro (Guillardon, 2009). Moreover, a high-
throughput screening to decipher LRRK2 interactome revealed proteins of the actin
family and from the actin-regulatory network as interactors of LRRK2 in the
mechanism of actin polymerization in vitro (Meixner et al., 2011).

G2019S

Here, we describe a striking atrophic phenotype of PD LRRK2 astrocytes. The

morphological analysis of these cells revealed important differences between healthy

controls and LRRK26201%

astrocytes. The area of PD cells is much smaller than the
controls (Fig 2.3) that is reflected also in the reduction of the complexity in terms of

shape or projections (Fig 2.4).

A similar phenotype has been found in astrocytes derived from AD iPSc.
Astrocytes derived from both sporadic and familial AD patients exhibited a
pronounced pathological phenotype, with a significantly less complex morphological
appearance and overall atrophic profiles. Concretely, these astrocytes showed reduced
heterogeneity, were significantly smaller than their healthy counterparts and exhibited

an almost complete absence of processes (Jones et al., 2017).

To date, there are no reports describing this astrocytic phenotype in PD human
brain. In fact, in 2014, Charron and colleagues found the opposite, a hypertrophic
profile of astrocytes in SN of PD brains. The main cellular processes were thicker and
the number of primary processes leaving the somas increased (Charron et al., 2014). In
addition, they found a very large increase in striatal volume occupied by astrocytes,
probably primarily due to the lengthening and the thickening of astrocyte processes
(Charron et al., 2014). However, we consider that a deeper analysis of astrocyte
morphology should be done in other regions of the brain that are related with
dopaminergic degeneration (e.g. subthalamic nucleus or globus pallidum) and not only

in degenerating regions where astrocytes are already activated.
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We suggest that the atrophy observed in these PD LRRK2°%9*%

astrocytes could be
a consequence of the malfunction of the mutated LRRK2 protein, being unable to

modulate properly cytoeskeletal dynamics.

5. Astrocyte contribution to neuronal degeneration

The results of our study evidenced an atrophic and dysfunctional astrocytic
population in PD, with less complexity, less processes and less mitochondrial density in
the terminal processes. In terms of neuronal biology, this suggests that astrocytes in
PD brain lack of the support for a correct synaptic activity and moreover, can be
vectors of toxicity by transporting a-syn, as evidenced in LB experiments. The specific
vulnerability of dopaminergic neurons, that represents one of the hallmarks of
Parkinson’s Disease still represents one of the bottleneck of PD biology (Brichta &
Greengard, 2014). Indeed, the astrocyte density in the SN is very low and each
astrocyte in the caudate-putamen can “touch” up to 50,000 synapses. This evidences
that the dysfunction of a single astrocyte in the SN can affect
significantly the synaptic transmission and the neuronal survival of a great number of
neurons. Although we still can’t demonstrate the exact mechanism of neuronal death,
upregulation of endogenous a-syn (Fig 1.9), release of toxic microRNAs, an altered
mechanism of a-syn degradation or the activation of neuroinflammation may be other

of the proposed mechanisms of neuronal death.

What is evident from our results is that in PD, astrocytes can be harmful to

620195 astrocytes and healthy

neurons. In co-culture experiments with PD LRRK2
neurons, astrocytes increased the risk of neuronal death compared with co-cultures
with healthy astrocytes (Fig 2.10). Our results are in line with a very recent study by
Lee and colleagues who observed the astrocyte-induced neuronal death in co-culture
experiments (Lee et al., 2019). Treatment of LRRK2°°%'®® astrocytes with a-syn
increased the expression of ER stress proteins in astrocytes and further

downregulation of neurite length and neuronal viability, supporting the idea that ER

stress in LRRK2%%%'%® astrocytes can aggravate neuronal damage (Lee et al., 2019).

103



Discussion

6. Future directions and concluding remarks

This work represents a pioneer study on the real role of astrocytes in the onset
and progression of PD. All data presented here suggest that the altered biology of
astrocytes is responsible for the further neuronal death. Nevertheless, we still consider

necessary to deepen the investigation on astrocytic metabolism.

First, we want to complete the characterization of human astrocytes under
different aspects. The fist parameter we want to study is the differential gene

620195 astrocytes by qPCR or RNAseq. The

expression between control and PD LRRK2
differential expression analysis will reveal, among others, genes related with the
inflammatory profile of the astrocytes from healthy donors and PD patients.
Furthermore, in line to what observed in rat primary cultures when treated with a-syn,
we want to characterize the mitochondrial metabolism of astrocytes when stimulated
with exogenous a-syn and compare the response with the cell lines from rat. In
addition, we believe extremely important to investigate if the atrophic morphology
found in iPSc-derived astrocytes is reflected also in human brain and/or in different
target regions (subthalamic nucleus, globus pallidus, cerebral cortex, and SN). Finally,
considering that the severity of familiar forms of PD depends on the type of mutation,

we will extend our study to other mutations, such as SNCA®® or LRRK2™*!€ that are

considered two of the most aggressive mutations in the familiar PD.

Altogether, we conclude that dysfunctional astrocytes contribute to the onset and

620195 1 utation

progression of PD. Both the accumulation of a-syn and the LRRK2
induce mitochondrial unbalance leading to cell autonomous and non-autonomous
damage and final neuronal degeneration. This study proposes a new possible

therapeutic target directed to sustain astrocytic functionality.
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Conclusions

1. Both rat neurons and astrocytes internalize exogenous ha-syn, at least by

endocytosis, resulting in an increase of neuronal toxicity but astrocyte resistance.

2. Rat astrocytes exhibit an increase in lysosomal activity and activate mitochondrial

metabolism in response to exogenous ha-syn.

3. Exogenous ha-syn can be transmitted between neurons and astrocytes directly in

every possible combination.

4. Rat astrocytes induce neuronal apoptosis through ha-syn transportation, in part

activating an endogenous program of a-syn translation.

5. Human iPSc derived healthy and PD LRRK2°%01% astrocytes have been successfully
generated as they are functional in terms of calcium sensitivity and expression of

typical astrocytic markers.

6. PD LRRK2%%°'* astrocytes display an atrophic morphology, showing a diminished

size and reduced complexity compared to control astrocytes.

7. PD LRRK2°% astrocytes exhibit a general mitochondrial dysfunction in terms of
mitochondrial respiration, cellular localization and ultrastructural morphology,
consequently producing higher levels of oxidized proteins and causing a “switch”

to an aerobic glycolytic production of ATP.

8. PD LRRK2°°** astrocytes increase the risk of neuronal death when co-cultured

together.

Altogether, we conclude that dysfunctional astrocytes contribute to the onset and

620155 utation induce

progression of PD. Both accumulation of a-syn and LRRK2
mitochondrial unbalance leading to cell autonomous and non-autonomous damage
and final neuronal degeneration. This study proposes a new possible therapeutic

target directed to sustain astrocytic functionality. Further experiments are needed to
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establish the pathways that astrocytes directly distress to induce the dopaminergic

death.
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