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ABSTRACT 
 

Parkinson’s disease (PD) is associated with the degeneration of ventral 

midbrain dopaminergic (vmDA) neurons and the accumulation of 

cytoplasmic inclusions, known as Lewy Bodies, composed mainly of 

aggregated α-synuclein in the surviving vmDA neurons. This process, along 

with the underlying cell-autonomous pathogenic mechanisms, has been 

successfully modeled using patient-specific induced pluripotent stem cell 

(iPSC) technology. Non-cell autonomous neurodegeneration during PD has 

been suggested by past observational studies, but remains to be 

experimentally tested. Here, we generated astrocytes from iPSC lines derived 

from familial Parkinson’s disease patients with the G2019S mutation on the 

Leucine rich repeat kinase 2 (LRRK2) gene, and astrocytes from Sporadic PD 

patients, as well as healthy age-matched individuals (to whom we will refer 

as wild type (WT)). To assess the possible non-cell autonomous role during 

PD pathogenesis, a co-culture system was devised between iPSC-derived 

astrocytes and vmDAn to assess the potential pathogenic neuron-glia 

crosstalk. WT vmDAn displayed morphological signs of neurodegeneration 

(such as few and short neurites, as well as beaded-like necklace neurites) and 

abnormal, astrocyte-derived, α-synuclein accumulation when co-cultured on 

top of LRRK2-PD astrocytes. Upon further investigation, PD astrocytes alone 

displayed phenotypes reminiscent of those observed in PD-iPSC-derived 

vmDAn, those including alterations in autophagy and mitochondrial 

dynamics, as well as a progressive accumulation of α-synuclein, when 

compared with WT astrocytes. A CMA activator drug, QX77.1, successfully 

rescued CMA dysfunction and as a consequence cleared the previously 

accumulated α-synucein in PD astrocytes. Conversely, the co-culture of 
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LRRK2-PD vmDA neurons with WT astrocytes partially prevented the 

appearance of disease-related neurodegeneration. This neuroprotective role 

appears to be managed via the activation of glia to a reactive state, and 

suggests LRRK2-PD astrocytes have an impaired relation between 

neuroprotection and reactivity, which results in neurodamaging effects. Our 

findings unveil a crucial non-cell autonomous contribution of astrocytes 

during PD pathogenesis, and open the path to exploring novel therapeutic 

strategies aimed at blocking the pathogenic cross-talk between neurons and 

glial cells.  
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1.1 Parkinson’s Disease  

1.1.1 Prevalence and Etiology 

Parkinson’s disease (PD) is the most prevalent movement disorder and 

second most chronic neurodegenerative disease after Alzheimer´s disease, 

affecting seven to ten million people worldwide (Collaborators, 2015). The 

exact cause of sporadic PD is unknown, however fifteen percent of patients 

with Parkinson’s disease have a family history. Familial causes of PD can be 

caused by mutations in the LRRK2, PARK7, PINK1, SNCA, or PARKIN 

genes, or by genes that have not yet been identified (Bonifati et al., 2003; 

Fonzo et al., 2009; Kitada et al., 1998; Nichols et al., 2005; Paisán-Ruíz et 

al., 2004; Polymeropoulos et al., 1997; Ramirez et al., 2006; Schapira, 2006; 

Shojaee et al., 2008; Singleton et al., 2003; Valente et al., 2004; Vilarino-

Guell et al., 2011; Zimprich et al., 2004). Several risk factors also exist, such 

as mutations in the GBA and UCHL1 genes, which do not directly cause PD, 

but which increase the possibility in contracting the disease (Cloud Lee & 

Danny Hsu, 2016). In addition, environmental factors such as exposure to 

pesticides have been described to play a crucial role (Sanders et al., 2017).  
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1.1.2 Symptoms 

 

Figure 1. Motor and Non-Motor Symptoms of Parkinson’s 
Disease. 

 

The main motor symptoms observed in patients with PD include resting 

tremor, bradykinesia, postural instability, and severe muscle rigidity (Fig. 1). 

PD is characterized by a significant loss of ventral midbrain dopaminergic 

(vmDA) neurons in the substantia nigra pars compacta (SNpc) (Zis, Erro, 

Walton, Sauerbier, & Chaudhuri, 2015). 

During PD pathogenesis, the cogent loss of vmDA neurons in the SNpc 

results in the subsequent loss of striatal dopamine. This dopamine deficiency 

causes motor symptoms in PD patients as well as non-motor symptoms at 

later stages, such as depression, sleep disorders, olfactory dysfunction, and 
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autonomic deficits (Zis et al., 2015). Another pathological hallmark of PD is 

an aggregation and accumulation of toxic oligomeric α-synuclein in the 

surviving vmDA neurons, making PD a proteinopathy (Sánchez-Danés et al., 

2012). These α-synuclein aggregates form Lewy bodies and Lewy neurites in 

both the central and sympathetic nervous systems, which is proposed to be a 

consequence of the disease, however the exact process is still unclear (Braak, 

Ghebremedhin, Rüb, Bratzke, & Del Tredici, 2004).  

Several dysfunctions occurring in the affected vmDA neurons already have 

been unveiled, including problems in protein degradation pathways 

(Ebrahimi-Fakhari, Wahlster, & McLean, 2012), mitochondrial alterations 

(Dryanovski et al., 2013; Perfeito, Lázaro, Outeiro, & Rego, 2014; Sanders 

et al., 2014; Zuo & Motherwell, 2013), an increase in ROS production 

(Perfeito et al., 2014; Zuo & Motherwell, 2013), defective electrical activity 

patterns (Dragicevic, Schiemann, & Liss, 2015; Dryanovski et al., 2013), 

Lewy body and Lewy neurite formation, and, as was previously mentioned, 

the accumulation and aggregation of α-synuclein (Bir et al., 2015; Li et al., 

2014; Mbefo et al., 2015; Nash et al., 2014; Perfeito et al., 2014; Reyes et al., 

2015; Rothaug et al., 2014; Wilson et al., 2014). Exactly how these 

dysfunctions occur and whether they are the cause or a consequence of 

disease pathogenesis, however, is still yet to be uncovered.  
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1.1.3 Alpha-Synuclein  

 

Figure 2. Toxic Alpha-Synuclein Found in Neurons, Glia and 
the Gut of PD Patients.  

(a) !-Synuclein protein structure. (b) Different forms of !-synuclein that are 
adopted during pathogenesis. (c) !-Synuclein containing astrocyte in PD post-
mortem tissue. (d) Neurons in PD post-mortem tissue containing Lewy bodies 
filled with alpha-synuclein. (e) !-Synuclein found in the colonic crypts in post-
mortem tissue of PD patients.  

 

 

The presence of intracellular protein aggregates of the toxic insoluble 

oligomeric form of !-synuclein (encoded by the SNCA gene) forming part of 

large structures, otherwise known as Lewy Bodies (Greenamyre & Hastings, 

2004), in the surviving vmDAn, as well as in both astrocytic and 
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oligodendroglial cells, has been reported to occur during PD (Fig. 2c,d) 

(Ritchie & Thomas, 2012; Wakabayashi, Hayashi, Yoshimoto, Kudo, & 

Takahashi, 2000). Although the exact function of α-synuclein is not yet fully 

understood, it is a small protein (14kDa) known to have a role in vesicle 

trafficking in pre-synaptic terminals (Fig. 2a) (Ritchie & Thomas, 2012).  

The monomeric form of α-synuclein can be misfolded and start to form 

dimers and tetramers, eventually forming toxic oligomers, fibrils, and 

aggregates toxic to neurons (Fig. 2b) (Jang et al., 2010; Neupane, Solanki, 

Sosova, Belov, & Woodside, 2014; Urrea et al., 2017). Recently, there have 

been reports of α-synuclein present in the gut of PD patients (Fig. 2e) that is 

able to spread as if adopting some characteristics of a prion protein 

(Chandra, Hiniker, Kuo, Nussbaum, & Liddle, 2017; Kuo et al., 2010; Urrea 

et al., 2017).  

α-Synuclein has also been reported to interact with inflammatory pathways 

during PD through the activation of microglia and astrocytes leading to 

cytokine release, inducible Nitric Oxid synthesis (iNOS), ROS and Nitric 

oxide (NO) production, the enhancement of microglial phagocytosis and 

inducing lymphocyte infiltration (Hoenen et al., 2016; H. J. Lee et al., 2010; 

Q. S. Zhang, Heng, Yuan, & Chen, 2017; W. Zhang, 2005). Microglial 

activation and α-synuclein accumulation can potentiate each other furthering 

the pathogenic mechanisms of PD. The toxic misfolded protein α-synuclein 

also has been found to alter the expression of Toll like receptors (TLR), a 

family of scavenger receptors found on both microglia and astrocytes 

(Béraud & Maguire-Zeiss, 2012). These studies reinforce the notion that PD 

pathogenesis is not just a cell autonomous process.   
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Figure 3. A Closer Look Into the PD Brain. 

Post-mortem tissue has revealed a loss of dopaminergic neurons in the 
substantia nigra pars compacta of PD patients, resulting in consequent loss of 
dopamine, as well as α-synuclein accumulation in surviving dopaminergic 
neurons and astrocytes. 

 

 

The number of inclusions in glial cells usually correlates with the severity of 

nigral neuronal loss (Fig. 3), thus indicating that abnormal accumulation of 

α-synuclein in glial cells is a pathological feature of PD related to its 

progression (Wakabayashi et al., 2000).  
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It was reported that α-synuclein is involved in vesicle trafficking and is 

normally located in the presynaptic terminals of neurons (L. Wang et al., 

2014). This highly mobile 14kDa protein plays a role in the release of 

dopamine, and, during PD, misfolds into toxic oligomers which then 

aggregate, forming the main constituent of Lewy bodies (Braak & Del 

Tredici, 2008). Primary culture cells that were treated with medium 

containing α-synuclein were able to uptake the protein (H. J. Lee et al., 

2010). Astrocytes are able to uptake this “prion-like” α-synuclein and 

degrade it through the lysosomal degradation pathway elucidating a 

neuroprotective role. Therapeutics developed to enhance astrocytic-mediated 

clearance of α-synuclein may therefore be useful for future therapeutic 

targets.  

1.1.4 Genetics 

Despite significant advances in the identification of genes and proteins 

involved in PD, there are still appreciable gaps in our understanding of the 

mechanisms underlying the chronic neurodegenerative process in this disease 

(Dawson, Ko, & Dawson, 2010; Melrose, Lincoln, Tyndall, & Farrer, 2006). 

Most PD cases are sporadic (85%), but familial mutations are accountable 

for PD in fifteen percent of patients (Lill, 2016). Transcriptomic data has 

become available showing the expression levels of genes known to be 

causative in PD in astrocytes and neurons from humans and mice (Fig. 4). 

Some PD related genes, such as PINK1, PARK7, FBXO7, and GBA, are more 

expressed in human astrocytes than in human neurons, further pointing to the 

possibility of non-cell autonomy during PD pathogenesis (Booth, Hirst, & 

Wade-Martins, 2017).  
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Figure 4. Expression Levels of Key PD Genes in Astrocytes and 
Neurons.  

Transcriptome data showing the expression levels of genes known to be 
causative in PD in astrocytes and neurons from humans and mice. Human 
astrocytes N = 12 subjects; human neurons N = 1 subject; mouse astrocytes N 
= 6 animals; mouse neurons N = 2 animals. Image courtesy of Booth and 
colleagues (Booth et al., 2017). 

 

Mutations in the gene encoding leucine-rich repeat kinase 2 (LRRK2), 

causing an autosomal dominant form of PD, account for 5% of familial cases 

and 2% of sporadic cases (Gilks et al., 2005; Nichols et al., 2005). LRRK2 is 

a highly complex protein with both GTPase and kinase functions with 

multiple enzymatic domains. It has been reported to be involved in 
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mitochondrial function, vesicle trafficking together with endocytosis, 

retromer complex modulation, and autophagy (Cherra, Steer, Gusdon, 

Kiselyov, & Chu, 2013; Orenstein et al., 2013; Su, Guo, & Qi, 2015). With 

LRRK2’s main roles still elusive, mutations affecting the protein kinase 

domain of LRRK2 (such as the most prevalent LRRK2G2019S mutation) have 

been reported to increase kinase activity (Covy & Giasson, 2009). 

Correlation between mutant LRRK2 and several pathogenic mechanisms 

linked to PD progression have been reported, including alterations in 

autophagy and accumulation of α-synuclein. During PD pathogenesis, 

mutant LRRK2 was found to directly bind LAMP2A, the receptor 

responsible for chaperone-mediated autophagy (CMA) normally used by 

both LRRK2 and α-synuclein for degradation (Orenstein et al., 2013). This 

binding blocks the proper functioning of the CMA translocation complex, 

resulting in defective CMA leading to the accumulation of α-synuclein and 

cell death. When the CMA translocation complex is blocked, the cell 

responds in producing more reactive lysosomal receptors, in an attempt to 

compensate for the dysfunction. This lysosomal hyperactivity was also 

reported to affect macroautophagic functioning. When LRRK2 kinase 

activity was inhibited in human neuroglioma cells, macroautophagy was 

stimulated (Manzoni et al., 2013).  

1.1.5 Treatments  

There currently is no cure for Parkinson’s disease. One drug is on the 

market, Levodopa, however, it alleviates the symptoms of PD for a period of 

approximately five years. Levodopa is a chemical building block that 

replaces the depleted dopamine in PD brains; directly administrated 
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dopamine does not cross the blood brain barrier (Huang et al., 2017). After 

five years, Levodopa causes side effects which can be worse than the actual 

symptoms of PD (Cerri, Siani, & Blandini, 2017).  

There exist nondopaminergic systems treatments for the symptoms of PD 

such as adenosine, glutamatergic, adrenergic, serotoninergic, histaminic, and 

iron chelator pathways, which could include potential therapeutic targets for 

motor symptoms (Du & Chen, 2017). However, although targeting 

nondopaminergic systems could have an ameliorative effect on the 

symptoms of PD as an adjunct therapy to Levodopa, further investigation is 

required in order to validate its potential success (Du & Chen, 2017). 

Currently, Levodopa is used in conjunction with MAO-B inhibitors, COMT 

inhibitors, dopamine agonists, glutamate antagonists, and anticholinergics, 

the choice of which is determined according to the particular symptoms 

experienced by the patient.  

1.2 Astrocytes’ Role in the Brain  

Astrocytes are a star-shaped sub-type of glial cells found in both the brain 

and spinal cord which participate in all essential CNS functions, including 

adult neurogenesis (Song, Stevens, & Gage, 2002), neurotransmission 

(Nedergaard, Takano, & Hansen, 2002), synapse formation and maturation 

(Christopherson et al., 2005; Molofsky et al., 2014; Ullian, 2001; Ullian, 

Christopherson, & Barres, 2004), synaptic plasticity (Tyzack et al., 2014), 

nutrient transfer from blood vessels (Broux, Gowing, & Prat, 2015), and 

immunity (Farina, Aloisi, & Meinl, 2007). The astrocytic population within 

the brain is widely heterogeneous, not only in shape, but also in function, and 

it plays several crucial roles involved in maintaining a homeostatic 
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microenvironment to ensure neuronal survival. Depending upon which 

molecules they secrete or uptake, astrocytes can play both neuroprotective 

and neurodegenerative roles.  

Under physiological conditions, astrocytes ensure the termination of 

neuronal transmission by mopping up any extracellular glutamate and 

recycling it into glutamine for further neuronal usage in the synapse 

(Uwechue, Marx, Chevy, & Billups, 2012). This neuroprotective role is 

crucial, as a defect in this glutamate clearance capability can cause 

excitotoxicity and neuronal death. On the other hand, when astrocytes 

become reactive, not only do they actively proliferate, or release toxic 

molecules, they also can release pro-inflammatory cytokines resulting in the 

recruitment of microglia furthering the neurodegeneration process. This dual 

role of neuroprotection and neurodegeneration elicits the importance of 

investigating the mechanisms behind non-neuronal cell function during PD.  
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Figure 5. Genes That Are Causative in the Development of PD 
Relative to Function in Astrocyte Biology. 

Image courtesy of Booth and Colleagues (Booth et al., 2017). 

 

Past studies have proposed a role for astrocytes during PD pathogenesis, 

however the same has yet to be experimentally validated (Wakabayashi et 

al., 2000). There are several genes related to the function of astrocyte 



CHAPTER 1: INTRODUCTION 

35  

biology, which are known to be causative of the development of PD (Fig. 5). 

For example, PARK7 (protein DJ-1), has been shown to have an effect in 

glutamate uptake, mitochondrial function, inflammatory response, oxidative 

stress, and neurotrophic support, many functions that astrocytes adopt (Booth 

et al., 2017). 

Astrocytes play crucial roles to support neuronal homeostasis, including 

metabolic and physical support for neurons (Khakh & Sofroniew, 2015; A. 

Lee & Pow, 2010), absorption and clearance of molecules released by 

neurons in the synaptic cleft (Panatier et al., 2011), guidance during neuronal 

migration, regulation of energy metabolism through the release of lactate and 

glutamine (Suzuki et al., 2011), and transport of blood-born nutrients via 

astrocytic end-feet from blood capillaries to neuron (Gordon, Mulligan, & 

MacVicar, 2007). In addition, astrocytes react to injury (formation of glial 

scar, gliosis) (Ye et al., 2015; Yi & Hazell, 2006) and play a role in the 

body’s inflammatory response (reactive astrocytes activated by microglia) 

(Ben Haim, Carrillo-de Sauvage, Ceyzériat, & Escartin, 2015; Liddelow et 

al., 2017; Liddelow & Barres, 2017). If any one of these pathways is altered 

during disease pathogenesis, neuronal homeostasis will be compromised.  
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1.2.1 Neuronal Homeostasis (Axon Guidance and Synaptic 
Support) 

 

Figure 6. Astrocyte Dysfunction Elicits Neuronal Toxicity via 
Five Main Mechanisms.  

(a) Aquaporin-4 (AQP4) water channels are mislocalized away from the 
astrocyte end-feet, resulting in impaired water transport. (b) The 
neuroprotective capacity of astrocytes is reduced because of decreased 
neurotrophic factor release. (c) Inflammatory signaling via the TLR4, IFN-g, 
and NLPR3 inflammasome pathways is increased. (d) Astrocyte proliferation 
is impaired, reducing the capacity of the cells to respond to an insult. (e) 
Glutamate uptake is reduced, potentially resulting in increased extracellular 
glutamate and, therefore, neuronal excitotoxicity. Image courtesy of Booth and 
Colleagues(Booth et al., 2017). 

 

Neuronal homeostasis relies on a functional astrocyte network, especially at 

the synapse. Neurons communicate with each other through the release of 

neurotransmitters into the synaptic cleft. This area usually is immediately 

cleared out by astrocytes following an action potential relieving the neurons 
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from potential neuronal excitotoxicity (Hubbard, Szu, Yonan, & Binder, 

2016). 

During disease, astrocyte dysfunction has been reported to elicit neuronal 

toxicity (Fig. 6). Astrocyte processes have end-feet, which can wrap around 

capillaries to absorb nutrients from the blood to supply neurons. Water 

channels, known as Aquaporins, in particular Aquaporin-4 (AQP4), have 

been reported during PD to be displaced from the end-feet causing 

impairment in water transport in the cell (Booth et al., 2017; Gu et al., 2010; 

Hubbard et al., 2016). A reduction in glutamate uptake has been reported 

during astrocyte dysfunction, which could result in an increased extracellular 

level of glutamate, thus resulting in neuronal excitotoxicity (Hubbard et al., 

2016). Overall neuroprotective capacity of astrocytes can be reduced if a 

dysfunction impairs neurotrophic factor release (Solano et al., 2008). In 

addition, a reduced astrocyte proliferation capacity after insult could take 

effect and inflammatory signaling via the inflammasome pathways increased 

(Khasnavis & Pahan, 2014).  

1.2.2 Detoxification and Oxidative Stress 

Astrocytes play a pivotal role in the regulation of reactive oxygen species 

(ROS) toxicity through a process of detoxification (Dringen, Brandmann, 

Hohnholt, & Blumrich, 2015). Under physiological conditions, astrocytes 

contain high levels of antioxidant molecules, which help in the clearance of 

accumulated toxic ROS levels. The brain’s high metabolic rate makes it 

highly vulnerable to oxidative stress. The mitochondrion is responsible for 

reducing oxygen to water within its respiratory chain, however there is still 

approximately 1-2% of consumed oxygen that is converted to ROS (Dias et 
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al., 2013). During PD, this rate is increased by the leakage of electrons from 

the electron transport chain, further propagating the presence of ROS and 

damaging the surrounding cells, including neurons (Riederer et al., 1989). 

Endogenous antioxidants in the brain such as antioxidant gluthione (GSH) 

tend to inhibit excessive ROS damage. Levels of GSH are found to be 

elevated in the astrocyte compared to neurons under normal conditions 

(Riederer et al., 1989). During PD, however, the levels of this antioxidant are 

dramatically reduced, impeding it from protecting the neurons from ROS 

damage (Rappold & Tieu, 2011). Re-establishing this depleted antioxidant 

through the astrocyte could be an option for future PD therapeutics.  

1.2.3 Control of the Blood Brian Barrier (BBB) 

Astrocytes play an important role at the Blood Brain Barrier (BBB) by 

interacting with endothelial cells which are lining cerebral micro-vessels 

(Abbott, Rönnbäck, & Hansson, 2006). Proper maintenance of the BBB is 

crucial for a reliable neuronal signaling network. Astrocyte perivascular end-

feet wrap around a basal lamina surrounding endothelial cells, which are 

wrapped around capillaries via tight junctions. Astrocytes provide the 

cellular link to the neurons. Endothelial cells also express a number of 

transporters and receptors, which interact with astrocytes. This bidirectional 

interaction reinforces BBB function and maintenance. Disruption in this 

BBB maintenance crosstalk can have pathological repercussions, which have 

been observed during stroke (Lo, Dalkara, & Moskowitz, 2003), trauma 

(Schwaninger et al., 1999), Multiple Sclerosis (Spencer, Bell, & DeLuca, 

2017), HIV (Berger M., 2004), Alzheimer’s disease (G. Lee & Bendayan, 

2004), brain tumors (Davies, 2002), pain (Huber et al., 2001), epilepsy 
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(Marroni et al., 2003), as well as Parkinson’s disease (Kortekaas et al., 

2005).  

1.3 Glial Contribution During Neurodegenerative 
Diseases 

In recent years, studies have shifted the focus from the dying neuron to a 

possible glial contribution during neurodegeneration. Astrocytes have been 

described to play a very critical role during Amyotrophic Lateral Sclerosis 

(ALS) pathogenesis, which is extremely toxic to motor neurons. Several 

murine studies (Chen et al., 2004; Henkel et al., 2009; Liu et al., 2012; 

McCrate & Kaspar, 2008; Subramanian et al., 2008; Winton et al., 

2008)have described a toxic effect of astrocytes on motor neurons during 

ALS, however it was not until recently that this effect could be recapitulated 

by isolating human astrocytes from post-mortem ALS patient tissue in a 

living system (i.e., mouse model) (Haidet-Phillips et al., 2011). Astrocytes 

from both familial and sporadic ALS patients were found to be toxic to 

motor neurons (Haidet-Phillips et al., 2011). Several subsequent in vitro 

studies have also recapitulated this glia-derived toxic effect (Colombrita et 

al., 2012; Ferraiuolo, 2014; Johnson et al., 2009; Richard & Maragakis, 

2014; Serio et al., 2013). Astrocytes also have been reported as playing a role 

during Alzheimer’s disease (AD) in several mouse models (Beauquis et al., 

2013, 2014; Olabarria, Noristani, Verkhratsky, & Rodríguez, 2010), and 

also, more recently, in iPSC-derived astrocytes from familial and sporadic 

AD patients (Jones, Atkinson-Dell, Verkhratsky, & Mohamet, 2017). 

Astrocytes from AD patients were described to harbor a pronounced 

pathological phenotype, such as atrophic processes and abnormal 

localization of important astroglial markers (Jones et al., 2017). 
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In addition to astrocytes, microglia, the second glial type in the brain, have 

been found to play a crucial role during Huntington’s disease (HD) (Crotti et 

al., 2014). Reactive microglia and elevated cytokine levels have been found 

during analysis of post-mortem brain tissue of HD patients. Through the use 

of genome-wide approaches, it was revealed that expression of mutant 

Huntingtin in microglia results in a pro-inflammatory transcriptional 

activation of the myeloid lineage-determining factors PU.1 and C/EBPs 

(Crotti et al., 2014). Microglia have also been described to play a role during 

ALS pathogenesis. C9orf72 loss-of-function model did not produce signs of 

motor neuron degeneration, however it led to an accumulation of lysosomes 

and altered immune response in microglia (O’Rourke et al., 2016). 

Furthermore, a gene that has recently been described as an ALS-

susceptibility gene, TANK binding kinase (TBK1), has been found to play a 

role in autophagy and innate immunity signaling, resulting in the regulation 

of interferon α (IFN-α) and IFN-β (Ahmad, Zhang, Casanova, & Sancho-

Shimizu, 2016). These studies promote the notion that impaired autophagy is 

linked to pro-inflammatory responses and pathogen clearance by immune 

cells during disease (Geloso et al., 2017; Plaza-Zabala, Sierra-Torre, & 

Sierra, 2017). Finally, microglia and astrocytes have also been implicated in 

inflammation-mediated PD pathogenesis in response to toxic α-synuclein (Q. 

S. Zhang et al., 2017). Toxic α-synuclein has been reported to directly 

activate TLR on both astrocytes and microglia resulting in pro-inflammatory 

cytokine activation, harming dopaminergic neurons (Hoenen et al., 2016).  

1.3.1 Astrocytes in Parkinson’s Disease  

Studies investigating PD pathogenesis have been focused mostly on the 

mechanisms underlying vmDA neuron degeneration and death. Evidence has 
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been obtained through post-mortem analysis, however, of astrocytes up-

taking and accumulating α-synuclein during PD (Braak, Sastre, & Del 

Tredici, 2007; Wakabayashi et al., 2000). Altered α-synuclein released by 

axon terminals in the surrounding synapses was taken up by astrocytes, 

supporting the hypothesis of the spread of α-synuclein through neuron-

astrocyte interactions (Braak et al., 2007; H. J. Lee et al., 2010). 

Overexpression of mutant SNCA in primary astrocytes altered their normal 

functioning and impaired proper blood-brain-barrier control and glutamate 

homeostasis, and eventually resulted in a significant loss of vmDA neurons 

(Gu et al., 2010). In a different study overexpressing mutant α-synuclein in 

PD mice, astrocytes were found to have altered mitochondria and to have 

reduced the secretion of factors fundamental to neuronal survival (Schmidt et 

al., 2011). Furthermore, uptake of neuronal-derived or recombinant 

α-synuclein by both primary and human astrocytes were observed to result in 

impaired mitochondrial function (Braidy et al., 2013; H. J. Lee et al., 2010). 

These findings suggest that α-synuclein accumulation in astrocytes may be 

of great importance to the initiation of PD (Brück, Wenning, Stefanova, & 

Fellner, 2016). Nevertheless, the main roles of astrocytes during the 

progression and development of PD pathogenesis remain elusive.  

1.4 Astrocytes and Inflammation 

1.4.1 Reaction to Injury 

Astrocytes have been described to react to injury. During injury, astrocytes 

migrate to the injury site and cause the formation of a glial scar contributing 

to neuronal repair, and they also begin to proliferate, which is known as 

reactive gliosis (Anderson et al., 2016; Cabezas et al., 2013; Sadelli et al., 
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2017; Ye et al., 2015; Yuan et al., 2017; Zhu et al., 2017). The presence of 

astrocytes during injury is necessary and crucial for axonal repair (Anderson 

et al., 2016), thus suggesting an important role of astrocyte reactivity during 

neuroprotection.  

1.4.2 The Immune System and PD 

Astrocytes can release pro-inflammatory cytokines during disease in 

response to microglia and the immune system. A classic example of an 

astrocytic-mediated neuroprotective role switching to being 

neurodegenerative is when there is an excess of extracellular α-synuclein 

uptaken by the astrocyte causing α-synuclein accumulation inside the 

astrocyte (H. J. Lee et al., 2010). As this occurs, the astrocyte not only 

secretes TNF-α and IL-6, but transcriptional upregulation in inflammatory 

genes IL-1α, IL-1β, and IL-6 is also observed (H. J. Lee et al., 2010). The 

increase in the presence of pro-inflammatory cytokines is correlated with an 

increase of DA neuronal death in PD. This neuroprotective role played by 

astrocytes is a tightly regulated system which has been found to be partly 

mediated by the immune system, therefore any dysfunction can be 

pathogenic (Glass, Saijo, Winner, Marchetto, & Gage, 2010; Saijo et al., 

2009).  

1.4.3 Microglial Activation  

Astrocytes not only release pro-inflammatory cytokines, but also have been 

found to become activated by the cytokines released by microglia during 

disease such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), 
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leading to ROS and NO production (Liddelow et al., 2017; Saijo et al., 

2009). In the same study, Gage and colleagues also found that microglial 

inflammatory response could be enhanced by astrocytes through the NF-kβ 

pathway, increasing DA neuronal death. In addition, a different study 

described astrocyte activation by microglia through the release of a cytokine 

cocktail containing TNF-α, IL-1β, and complement system protein complex, 

C1q, as well as high expression of inflammatory marker complement 3 (C3) 

in astrocytes during PD pathogenesis (Liddelow et al., 2017). Therefore, 

crosstalk between both microglia and astrocytes can severely impact DA 

neuronal survival during PD.  
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1.5 iPSC Disease Modeling  

 

Figure 7. Modeling PD Through the Use of iPSC Technology. 

After a skin biopsy is collected from either a healthy patient or a patient with 
PD, 3-factors (Oct4, Sox2, Klf4) are LV-inserted into the genome to produce 
iPSC. Patient-specific iPSC can then be directed into a neural or astrocitic fate 
to later perform direct and in-direct co-cultures.  
 

Induced pluripotent stem cells (iPSC), when generated from patients with 

genetic conditions, can be exploited to create genuinely human experimental 

models of diseases (Zeltner & Studer, 2015). In the case of PD, previous 

studies by our group and others have generated iPSC from patients with PD 

associated to LRRK2 mutations, and have described the appearance of 

disease-specific phenotypes in iPSC-derived neurons, including impaired 

axonal outgrowth and deficient autophagic vacuoles clearance (Nguyen et 

al., 2011; Reinhardt et al., 2013; Sánchez-Danés et al., 2012). Moreover, 
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DAn from LRRK2-mutant patient-specific iPSC displayed alterations in 

CMA that were, at least in part, responsible for the abnormal accumulation 

of α-synuclein observed in these cells, which predated any morphological 

signs of neurodegeneration (Orenstein et al., 2013).  
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 PROJECT AIMS  2
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Figure 8. Scheme Depicting Project Aims. 

Once iPSC-derived A9 ventral midbrain dopaminergic neurons and astrocytes 
had been produced, a series of different co-culture combinations were created 
to evaluate the possible role astrocytes play during PD pathogenesis.  
 

 

The aims of this project were the following: 

1. Generate patient-specific iPSC-derived astrocytes from two controls, 

two LRRK2-PD patients and two Sporadic-PD patients. 

2. Fully characterize the newly generated patient-specific iPSC-derived 

astrocytes and check for known PD related phenotypes. 

3. Investigate the possible pathological crosstalk between astrocyte and 

neuron in a newly devised co-culture system. 
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In the present studies, we generated patient-specific iPSC-derived astrocytes 

and vmDA neurons from PD patients with LRRK2G2019S mutation and 

Sporadic-PD patients, as well as from healthy age-matched individuals. We 

consistently generated a population of human vmDA neurons in vitro that 

expressed post-mitotic dopaminergic markers and fired action potentials. 

Subsequently, we co-cultured healthy iPSC-derived vmDA neurons with 

iPSC-derived astrocytes expressing the mutated form of LRRK2 associated 

to PD. In our co-cultures, we detected a specific decrease in the number of 

vmDA neurons in the presence of LRRK2-mutated astrocytes, which 

correlated well with the abnormal accumulation of α-synuclein. Conversely, 

WT astrocytes were able to partially rescue disease-related phenotypes in 

LRRK2-PD neurons when co-cultured together, suggesting that LRRK2-PD 

astrocytes are lacking neuroprotective functions found in the WT astrocytes. 

A more in-depth investigation revealed PD-related phenotypes, such as 

impaired autophagic components, as well as a progressive accumulation of 

α-synuclein in both LRRK2-PD (100%) and Sporadic-PD astrocytes (20-

40%), compared to healthy controls (0%). Moreover, by treating the cells 

with an activator of CMA, we were able to prevent the α-synuclein 

accumulation in LRRK2-PD astrocytes. Together, this data represents a first 

direct indication that astrocytes play a role during PD pathogenesis and may 

have broad implications for future intervention in early stages of PD.  
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3.1 Cell Culture 

3.1.1 iPSC to Astrocytes  

 

Figure 9. Scheme of Astrocyte Generation Protocol: Formation 
of EBs and Selection of Neural Structures. 

(a) Scheme of step in astrocyte generation protocol. (b) Brightfield microscopy 
depicting the different stages of the protocol from EB formation to the manual 
selection of neural structures to form SNMs.  
 

As previously described (Sánchez-Danés et al., 2012), fibroblasts were 

collected from two patients harboring the GS2019S mutation on the LRRK2 

gene (SP13 and SP12), two from sporadic PD patients (SP04 & SP16) and 

two healthy age-matched controls (SP17 and SP09) and converted into four 

clones for each donor to induced pluripotent stem cell (iPSC) stocks (Tables 

1 & 2). One iPSC clone from each donor was used to generate patient-

specific astrocytes (in duplicates). Embryoid Bodies (EBs) were created from 
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each iPSC line and then plated on matrigel for 14 days with medium 

supplemented with N2 and FGF2. Once neural structures started to form 

(neural rosettes and neural tubes), these structures were mechanically 

selected and placed in suspension in non-adherent plates, thus becoming 

SNMs (Fig. 9b). After approximately 30 days of mechanical passaging 

(cutting), the SNMs adopted a homogenous rounded spherical shape and 

were ready to be characterized (Fig. 10b). Some SNMs were fixed in toto 

and immunocytochemical analysis was performed, staining for pluripotency 

markers, namely Ki67, Sox2, Nestin, and Pax6 (Fig. 11b).  

Table 1. Summary of iPSC used  

 

Table 2. Summary of Astrocyte Lines Generated From iPSC 
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Figure 10. Scheme of Astrocyte Generation Protocol: 
Formation SNMs.  

(a) Scheme of step in astrocyte generation protocol. (b) Brightfield microscopy 
images of all SNM lines newly generated.   
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SNMs were pushed towards an astrocytic lineage following a previously 

published protocol (Serio et al., 2013). Other SNMs were used for the neural 

differentiation part of the characterization to see if they are able to produce 

both neurons and glia cells (Fig. 11b). To do this, SNMs were seeded on 

matrigel-coated plates and left to differentiate for 3 weeks with medium 

supplemented with N2 and B27. Cells were fixed after the 3-week time-point 

and immunocytochemical analysis was performed using marker TUJ1 and 

GFAP.  

First, the SNMs were grown in suspension for 28 days with medium 

supplemented with LIF and EGF, and then for a further 21 days with 

medium containing FG2 and EGF. Finally, SNMs were left with accutase 

(LabClinics) for 15 minutes at 37ºC and mechanically desegregated and 

plated on matrigel-coated plates (let set for 1 hour at RT) as a monolayer. 

The monolayer of neural progenitors was cultured for 14 more days in CNTF 

(Prospec Cyt-272) medium (Neurobasal, Glutamax, PenStrep, NEAA, 

CNTF) resulting in the formation of astrocyte progenitors ready for 

characterization. These astrocyte progenitors were successfully frozen in 

Astrocyte Freezing Medium (90% CNTF medium and 10% DMSO) and 

stored in liquid nitrogen for future use. When needed for an experiment, vials 

were thawed in medium containing FBS and resuspended in CNTF medium 

and plated on matrigel-coated plates. Cells were passaged four times before 

considered mature and then further characterized. Plastic cover slides were 

coated with matrigel in 24-well plates to conduct experiments. 
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Figure 11. Scheme of Astrocyte Generation Protocol: 
Characterization of SNMs. 

 (a) Scheme of astrocyte generation protocol step being described. (b) 
Immunofluorescence images of SNMs in toto marked for pluripotency markers 
(Ki67, Nestin, Pax6, and Sox2) and SNMs on matrigel for 3 weeks marked 
neuronal differentiation markers (TUJ1 and GFAP). 
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3.1.2 iPSC to Ventral Midbrain Dopaminergic Neurons 

 

Figure 12. Generation of A9 Ventral Midbrain Dopaminergic 
Neurons.  

 (a) Scheme of dual SMAD inhibition protocol. (b) Representative 
immunofluorescence images of vmDAn after neuronal differentiation (80 
days). iPSC-derived neural cultures express markers specific for neurons 
(MAP2), mature DA neurons (TH), and midbrain-type DA neurons (FoxA2 
and Girk2), scale bar 20µm. (c) Percentage of vmDAn staining positive for 
Tyrosine hydroxylase (TH)/DAPI, double positive for TH and FOXA2 
(transcriptional activator for vmDAn differentiation) and TH and GIRK (G-
protein in vmDAn). (d) Graph representing day 35 vmDA neurons calcium 
wave flux recording over 30 minutes with calcium marker Fluo4-AM (n = 3). 
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Using a combination of two previously published protocols (Chambers et al., 

2009; Kriks et al., 2011), vmDA neurons were obtained after 35 days after 

which they were co-cultured with LRRK2-PD and healthy astrocytes.* The 

vmDAn were fully characterized and displayed functional viability with 

calcium imaging techniques. After 35 days of differentiation, 20% of overall 

cells stained positive for TH, a number that increased with time reaching 

45% after 50 days – a point at which the protocol named the neurons mature. 

3.1.3 Set-up of Neuron-Astrocyte Co-Culture System  

3.1.3.1 Direct Contact 

The co-culture system was intended to house immature/young neurons and to 

continue the differentiation process on the top of the astrocytes; hence why 

day 35 neurons were used. Astrocytes were plated one week before the 

neurons were plated to ensure the development of a mature astrocyte feeder 

layer and to provide sufficient co-culturing time before the cells would be 

affected by stressed caused by prolonged culture conditions. vmDAn from 

both a control (SP11) and LRRK2-PD (SP12) lines were generated and 

5x104 cells/well were plated on the top of one-week-old astrocytes (2x104 

cells/well) which were plated on the top of matrigel coated plastic cover 

slides in 24-well plates for two and four weeks. The medium used was basic 

and contained Neurobasal, B27, NEAA, PenStrep, and Glutamax. Cells were 

 
                                                                                                               
*Data courtesey of Giulia Carola who generated neurons at the Institute of 
Biomedicine at the University of Barcelona (IBUB). 
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fixed with 4% PFA for 15 minutes and washed three times with PBS for 5 

minutes before performing immunocytochemistry. TH positive cells and 

DAPI were counted for a series of 600 cells per condition using FIJI is Just 

ImageJTM cell counter plugin and Microsoft excel for data plotting. 

3.1.3.2 Indirect Contact 

Following the previously published protocol, at day 20, neurons were split 

and plated on glass coverslips coated with poly-l-ornithine laminin and 

fibronectin. In the meantime, astrocytes (both PD and WT) were thawed and 

cultured for 14 days at passage 4 in wells of a 6-well plate with only one 

milliliter of medium in each well. After one week, 1 more milliliter of 

medium was added to the astrocytes. After 14 days, this medium was 

collected and placed directly on top of the day 35 neurons. The astrocyte-

conditioned medium was added to the neurons 3 times for 7 days. Cells were 

then fixed for 15 minutes with 4% PFA and followed by the necessary 

immunocytochemistry, GFAP, TH, and SNCA.  

 

3.2 Biochemistry Techniques  

3.2.1 Protein Extraction 

Live cells were washed twice with PBS and incubated for six minutes at 

37ºC with accutase (Sigma). Cells were lifted and collected in washing 

medium containing FBS and centrifuged at 800rpm for five minutes. After 

centrifugation, cells were resuspended in cold PBS and placed in 1.5mL 

eppendorfs and centrifuged for five minutes at 4ºC at 600xg. After 



CHAPTER 3: MATERIALS AND METHODS 

 58 

discarding the supernatant, pellets were immediately stored at -80ºC for 

future use. Alternatively, the protein extraction could immediately take place 

after pellet collection at 4ºC. Pellets were homogenized in 50 mM Tris-HCl, 

pH 7.4/150 mM NaCl/0.5% Triton X-100/0.5% Nonidet P-40 and a mixture 

of proteinase inhibitors (Sigma, Roche tablet). Samples were then 

centrifuged at 15,000xg for 20 minutes at 4ºC. The resulting supernatant was 

normalized for protein using BCA kit (Pierce). 

Protein extraction for oligomeric α-synuclein: Mila lysis buffer (0.5M Tris at 

pH 7.4 containing 0.5 methylenediaminetetraacetic acid at pH 8.0, 5M NaCl, 

0.5% Na doxicholic, 0.5% Nonidet P-40, 1mM phenylmethylsulfonyl 

fluoride, bi-distilled water, protease and phosphatase inhibitor cocktails) 

(Roche Molecular Systems, Pleasanton, CA, USA), and then centrifuged for 

15 min at 13,000rpm at 4°C (Ultracentrifuge Beckman with 70Ti rotor, CA, 

USA). 

3.2.2 Immunoblotting 

Cell extracts were then boiled at 100ºC for 5 minutes, followed by 7-15% 

electrophoresis in Running buffer, then electrotransferred in Transfer buffer 

at 100v to PVDF membranes for 1.5 hours at 4ºC. Buffers and reagents were 

prepared (Table 3). After treating the membranes with Ponceau S solution 

(Sigma) in order to cut separately the protein of interest and the loading 

control protein for separated antibody incubations, the membranes were then 

blocked in blocking solution for 1 hour and incubated overnight in 

containing primary antibodies (Table 4). After incubation with peroxidase-

tagged secondary antibodies (Table 5), membranes were revealed with ECL-

plus chemiluminescence Western blot kit (Amershan-Pharmacia Biotech).  
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Table 3: Buffers and Reagents for Immunoblot 

Buffer Recipe 

Running Buffer 30.0g Tris base, 144.0g glycine, 10.0g SDS in 1000 ml of H2O, pH 
8.3 

Transfer Buffer 25 mM Tris-HCl (pH 7.6), 192 mM glycine, 20% methanol, 
0.03% sodium dodecyl sulfate (SDS) 

Blocking solution TBS 1x/BSA 3%/TWEEN 0.1% 

 

Table 4: Primary Antibodies for Immunoblot 

 

Table 5: Secondary Antibodies for Immunoblot 

Antibody Product code Dilution 
Goat Anti-Rabbit IgG H&L (HRP) ab205718 1:10,000 
Goat Anti-Mouse IgG H&L (HRP) ab205719 1:10,000 

3.2.3 Immunocytochemistry  

After medium removal, samples were fixed using 4% PFA for 15 minutes 

and then washed three times for 15 minutes with PBS. Solutions for 

immunocytochemistry were prepared (Table 6). Samples were blocked with 

TBS++ with low triton for two hours and 48-hour incubation with primary 

Antibody Species Product code Dilution 
Oligomeric α-synuclein anti-Mouse Agisera AS13 2718 1:500 
Monomeric α-synuclein anti-Mouse BD, 610787 1:1000 

MFN1 anti-Rabbit Santa Cruz sc-50330 1:1000 
MFN2 anti-Mouse Abcam ab56889 1:1000 
pDRP1 anti-Rabbit Cell Signaling (3455) 1:1000 
DRP1 anti-Mouse BD 611112 1:1000 
OPA1 anti-Mouse BD 612606, 1:1000 
TIM44 anti-Mouse BD T14720 1:1000 
TOM20 anti-Rabbit Sant Cruz, sc-11415 1:1000 
LC3B anti-Rabbit Cell Signaling, 2775 1:1000 
Actin Anti-Rabbit Sigma (A2066) 1:10,000 

Tubulin Rabbit (serum) Sigma (T3526) 1:10,000 
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antibodies at 4ºC. After 48-hour incubation with the primary antibody (Table 

7), samples were then washed with TBS 1x for 15 minutes three times, 

before being blocked again for one hour at room temperature. Samples were 

incubated with their rightful secondary antibody (Table 8) for two hours at 

room temperature. Samples were then further washed with TBS 1x for 15 

minutes three times and then incubated with nuclear staining DAPI 

(Invitrogen, dilution 1:5000) for 10 minutes. After having washed the 

samples twice with TBS 1x for 10 minutes, samples were mounted with 

PVA:DABCO and stored at 4ºC until imaged. Samples were imaged using 

an SP5 confocal microscope (Leica) and analyzed with FIJI is Just ImageJTM. 

 

Table 6: Solutions for Immunocytochemistry 

Solution Recipe 
TBS1x 6.05g Tris, 8.76g NaCl, 800 mL of H2O, pH 7.6 with 1M HCl 
TBS++  TBS1x, NDS 3%, Triton 0.01% 
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Table 7: Primary Antibodies for Immunocytochemistry  

Antibody Species Reference Dilution 
CD44 anti-Mouse Abcam ab6124 1:100 
GFAP anti-Guinea pig Synaptic Systems, 173 004 1:1000 
S100β anti-Rabbit Dako, 311 1:250 

Vimentin anti-Mouse IgM Iowa, 3CB2 1:100 
TUJ1 anti-Mouse Covance 435P 1:500 
MAP2 anti-Rabbit Santa Cruz sc-20172 1:1000 
NG2 anti-Rabbit Millipore, AB5320 1:250 

GLT1 anti-Guinea pig Millipore, AB1783 1:500 
GIRK2 anti-Rabbit Sigma P8122 1:40 
FOXA2 anti-Mouse Santa Cruz sc-101060 1:250 

Synapsin 1 anti-Mouse Calbiochem 574777 1:1000 
TOM20 anti-Rabbit Sant Cruz, sc-11415 1:250 
TOM20 anti-Mouse BD, 612278 1:1000 
LC3B anti-Rabbit Cell Signaling, 2775 1:100 

LAMP-2A anti-Rabbit Abcam, 18528 1:100 
α-synuclein anti-Mouse BD, 610787 1:500 

TH anti-Sheep Pel-Freez, P60101-0 1:500 
TH anti-Rabbit Santa Cruz, sc-14007 1:250 

LAMP1 anti-Mouse Iowa, H4A3 1:100 
MAP2 anti-Rabbit Sant Cruz sc-20172 1:500 

 

Table 8: Secondary Antibodies for Immunocytochemistry 

Antibody Species Product code 
Alexa Fluor 488  anti-Mouse IgG Jackson 715-545-150 

Cy3  anti-Rabbit IgG Jackson 711-165-152 
DyLight 649  anti-Guinea pig IgG Jackson 706-495-148 

Alexa Fluor 647  anti-Sheep Jackson 713-605-147 
Cy™2 AffiniPure Donkey  Anti-Rabbit IgG (H+L) Jackson 711-225-152 
Cy™3 AffiniPure Donkey  Anti-Mouse IgG (H+L) Jackson 715-165-151 
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3.2.4 Real-Time Quantitative Polymerase Chain Reaction 

The isolation of total mRNA was performed by guanidinium thiocyanate–

phenol–chloroform extraction (TRIzol, Invitrogen) and treated with DNase I. 

One microgram was used to synthesize cDNA with the SuperScript III 

Reverse Transcriptase Synthesis Kit (Invitrogen). Quantitative RT-PCR 

analyses were done in triplicate on 50ng with Platinum Syber Green qPCR 

Super Mix (Invitrogen) in an ABI Prism 7000 thermocycler (Applied 

Biosystems). All results were normalized to GAPDH. Primers listed in Table 

9.  

Table 9: Primers Used for qRT-PCR 

Gene Forward primer Reverse primer 
Aquaporin 4 AGATCAGCATCGCCAAGTCT AACCAGGAGACCATGACCAG 

p62 CCCTGAGGAACAGATGGA GACTGGAGTTCACCTGTAGA 
GapDH GCACCGTCAAGGCTGAGAAC AGGGATCTCGCTCCTGGAA 
TFEB CATGCATTACATGCAGCAG GTAGGACTGCACCTTCAAC 
Alpha-

synuclein GAAGTGGCCATTCGACGAC CCTGCTGCTTCTGCCACAC 

3.2.5 Fluo-4 Calcium Imaging*  

Live cells were incubated with Fluro4-AM flurofore for 30 minutes slowly 

shaking at room temperature. Cells were then imaged for 20-minute 

recordings using the Hokawo program and when finished data was converted 

from video to images. The data was then put through the NeuroImage 

 
                                                                                                               
*Done in collaboration with Professor Jordi Soriano, Department of Physics, 
University of Barcelona. 
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program where Calcium Activity Map and individual Calcium Graphswere 

generated. Data is further analyzed in a Matlab code made by Jordi Soriano.  

3.2.6 CRISPR guideRNA (gRNA) and Donor Plasmid Design* 

CRISPR/Cas9 gRNAs against the last exon-3’UTR junction of the human 

SNCA gene were designed so that the spacer sequence overlapped the STOP 

codon. Complementary oligos encoding for the desired spacer sequences 

were annealed into the BbsI site of the gRNA scaffold of the Cas9-T2A-

EGFP/gRNA co-expression plasmid px458 (Addgene, #48138). For 

increased expression of the Cas9 protein in hPSC, Cbh promoter was 

replaced by a full-length version of the CAGGS promoter. The cleavage 

efficiency of two gRNAs was tested by T7EI assay. Both gRNAs displayed a 

similar cutting efficiency but gRNA2-OL was selected for the editing 

process. Donor plasmid for knocking-in a FLAG tag fused C-terminal to the 

α-synuclein open reading frame (ORF) was engineered using two homology 

arms (HAs) spanning approximately 800 bp from both sides of the STOP 

codon. The sequence encoding for the FLAG tag was placed immediately 

after the last codon of the SNCA ORF and before the STOP codon. A 

selection cassette (pRex1-NeoR) surrounded by loxP sites was cloned 

between the STOP codon and the 3’HA. The sequence of the cloning primers 

and gRNA oligonucleotides can be found in Table 10. 

 
                                                                                                               
*CRISPR/CASP9 gene editing techniques were all performed by Dr. Carles 
Calatayud Aristoy and Giulia Carola of the Institute of Biomedicine of the 
University of Barcelona (IBUB), Spain. 
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Table 10: Sequence of Cloning Primers and gRNA 
Oligonucleotides  

Purpose Oligo name Sequence 
Annealed 

oligo 
cloning 

of 
gRNAs 

SNCA_gRNA1_OL-F AAAGATATTTCTTAGGCTTC 
SNCA_gRNA1_OL-R GAAGCCTAAGAAATATCTTT 
SNCA_gRNA2_OL-F TGGGAGCAAAGATATTTCTT 

SNCA_gRNA2_OL-R AAGAAATATCTTTGCTCCCA 

Primers 
for 

generatin
g the 
donor 

plasmid 

SNCA_5-F_XhoI AACTCGAGACTCAAGCTTAGGAAC
AAGGA 

SNCA_5Flag-R_SalI 
AAGTCGACTTACTTGTCGTCATCGT
CTTTGTAGTCGGCTTCAGGTTCGTA

GTCTT 

Rex1_F-loxP-SalI 
AAGTCGACATAACTTCGTATAGCAT
ACATTATACGAAGTTATGACCGATT

CCTCCCGATAAG 

Neo_R-loxP-BamHI 
AAGGATCCATAACTTCGTATAGCAT
ACATTATACGAAGTTATTAAGATAC

ATTGATGAGTTTGGA 

SNCA_3-F_BamHI AAGGATCCGAAATATCTTTGCTCCC
AGT 

SNCA_3-R_NotI AAGCGGCCGCTTAAGGAACCAGTG
CATAC 

Primers 
for 

screening 
PCR 

SNCA_5Out_R  
Check_Rex1Neo_5HA_

R CTTATCGGGAGGAATCGGTC 

Check_Rex1Neo_3HA_
F CCCGTCTGTTGTGTGACTC 

SNCA_3Out_R ACGTAAAGCAAACATTGACAGG 
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3.2.7 CRISPR-Mediated SNCA Locus Edition in hiPSC * 

 The day before transfection, 800.000 hiPSC were seeded in a 10cm plate 

coated with matrigel. The following day, hiPSC were co-transfected with a 

mix of 6 µg of Cas9-T2A-EGFP/gRNA, 9 µg of the donor plasmid, 45 µL of 

FuGENE HD (Promega) transfection reagent, and KO-DMEM up to 750 µL. 

The transfection mixture was incubated for 15 minutes at room temperature 

and subsequently added dropwise to the cells. Geneticin (G-418; 50 µg/mL) 

selection was initiated 72h post-transfection and was maintained until the 

emerging colonies were transferred to another plate. Between 10 and 14 days 

after the initiation of the selection, colonies were large enough to be 

screened. Half of the colony was sampled in order to check site-specific 

integration by means of PCR. The colonies that were positive for the targeted 

recombination were transferred to a different well in order to be transfected 

with a CRE-recombinase expressing plasmid. After CRE transfection, cells 

were singularized and seeded at a low density on top of irradiated human 

fibroblast feeder layer in the presence of ROCK inhibitor (Miltenyi). Once 

the colonies attained a certain size, they were isolated and screened for 

selection cassette-excision. Those clones whose both SNCA alleles were 

tagged with the FLAG epitope were expanded and characterized in terms of 

pluripotency and genome stability.  

 
                                                                                                               
*CRISPR/CASP9 gene editing techniques were all performed by Dr. Carles 
Calatayud Aristoy and Giulia Carola of the Institute of Biomedicine of the 
University of Barcelona (IBUB), Spain. 
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3.2.8 Cell Viability Assay for Flow Cytometry* 

Calcein Green AM (Thermofisher ref. C3100MP) (1µM final concentration) 

was added to the cells in 0,5ml suspension medium (not exceeding 1M cells) 

containing PBS. In addition, 2µL of Propidium iodide (Sigma ref. P4170) 

(1mg/mL) was also added to the cells and incubated 5 min in the same 

conditions as above. Flow cytometry analysis was performed with excitation 

at 488 nm and emission collected at ~520 nm (FITC channel) for Calcein 

Green AM, and at ~585nm (Phycoerythrin channel) for the PI. Cells were 

run on a Gallios flow cytometer analyzer and file analysis was done using 

Kaluza Software, both from Beckman Coulter Inc. (Brea, CA). 

3.3 Techniques to Evaluate Protein Degradation 
Pathways 

3.3.1 Chaperone Mediated Autophagy Reporter Assay† 

CMA activity was measured using a photoactivatable CMA fluorescent 

reporter with a CMA targeting motif added to the PS-dendra protein 

(KFERQ-PS-dendra) developed and updated by Dr. Ana Maria Cuervo and 

Colleagues (Koga, Martinez-Vicente, Macian, Verkhusha, & Cuervo, 2011; 

Park, Suh, & Cuervo, 2015). Cells transduced with the lentivirus carrying the 

 
                                                                                                               
*Done in collaboration with José Miguel Andrés Vaquero of the Center of 
Regenerative Medicine of Barcelona (CMRB), Spain.  
†CMA Reporter KFERQ-DENDRA was kindly provided by Dr. Ana Maria 
Cuervo of Albert Einstein College of Medicine, Bronx, NY, USA. 
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reporter were photoactivated with a UV light for 3 minutes and then imaged 

after 52 hours to monitor CMA activity.  

3.3.2 Knock-Down of LAMP2A Gene (shLAMP2A)* 

After 14 days in culture, cells were transduced with a lentivirus containing 

shLAMP-2A (Ashish C Massey, Follenzi, Kiffin, Zhang, & Cuervo, 2008). 

Half of the medium was added the following day, and the virus was left to 

take effect for 72 hours. Cells were then fixed with 4% PFA for 15 mins and 

stained with anti-GFAP and anti-α-synuclein in ICC, in accordance with the 

protocol previously described in the ICC section. α-Synuclein puncta were 

counted using a macro developed in FIJI is for ImageJ™ measuring 

α-synuclein area within the cell. 100 cells per condition were measured. The 

shLAMP-2A plasmid was kindly supplied by AMC.  

3.3.3 LC3-Flux Assay 

After 14 days of culture, cells were either not treated with a drug (control), or 

were treated with lysosomal inhibitors (Table 11), Leupeptin (100µg, Sigma 

L2884) and NH4Cl (20µg, Sigma A9434) for 2 hours. The assay was 

terminated by washing the cells twice in PBS. The pellets were collected as 

previously described under the ‘protein extraction’ section. Western blots 

were performed using 13% gels, and as previously described in WB section. 
 
                                                                                                               
*Plasmid of shLAMP2A was kindly provided by Dr. Ana Maria Cuervo of 
Albert Einstein College of Medicine, Bronx, NY, USA. 
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Ratio of 2-hour drug treatment versus no drug was performed per line to 

determine speed of fusion.  

 

Table 11: Lysosomal Inhibitors 

Inhibitor Stock solution Final concentration 
NH4Cl 2M 20mM 

Leupeptin 10mM 100µM 

 

3.3.4 Alpha-Synuclein Flux Assay 

After 14 days of culture, cells were either not treated with a drug (control), or 

were treated with inhibitors (Table 12), Lactacystin (5mM, Enzo BML-

PI104) for 2 hours, or with Leupeptin (100µg, Sigma L2884) for 12 hours. 

The assay was terminated by washing the cells twice in cold PBS. The 

pellets were collected as previously described under the ‘protein extraction’ 

section. WB was performed using 12.5% gels, and as previously described in 

WB section.  

Table 12: Lysosomal and Proteosomal Inhibitors 

Inhibitor Stock solution Final concentration 
Leupeptin 10mM 100µM 

Lactacystin 5mM 5µM 
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3.4 Data Analysis  

3.4.1 Mitochondria Counting  

Individual mitochondria were counted manually using the FIJI is Just 

ImageJTM software and separated by eye between elongated (>0.5µm) and 

fragmented (<0.5µm) groups. Mitochondria staining positive with TOM20 

were counted for 100 cells.  

3.4.2 Densitometry  

After having been developed at several different times (1 second, 30 

seconds, 1 minute, 3 minutes, 5 minutes, 10 minutes, and 20 minutes to burn) 

films were scanned at 2,400 x 2,400 dpi (i800 MICROTEK high quality film 

scanner), and the densitometric analysis was performed using FIJI is Just 

ImageJTM. Other membranes were imaged using the ChemiTouch machine 

under the ‘Optimal exposure’ setting and digitally saved. 

3.4.3 Sholl Analysis  

Individual neurites were traced per neuron using the plug-in NeuronJ in FIJI 

for ImageJTM. Once all primary, secondary, and tertiary neurites were traced, 

the appropriate Sholl analysis plug-in was run. Each data set per individual 

neuron was plotted in an excel document. Once 20 neurons per condition 

were analyzed, the average neurite intersections per 10 microns were 

calculated and plotted on a line graph along with the standard error of the 

mean.  
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3.4.4 Confocal Imaging 

Images were acquired with an Leica TCS SP5 II Confocal microscope with 

40x and 63x objectives. For colocalization analysis of α-synuclein and 

LAMP2A or LAMP1 and LC3, the 63x objective was used with a zoom 

factor 4. Laser power for all lasers (visible 488, 561, 633; invisible 405) was 

set to 30% with a gain of 800.  

3.4.5 Statistics  

Statistical analyses of the obtained data was performed using two-tailed 

unequal variance Student t-tests of the average of 3 independent repeats (* 

p<0.05, ** p<0.01, *** p<0.001) and the mean and standard error of the 

mean were plotted using Microsoft Excel (MacOsx).  
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4.1 Generation and Characterization of Functional iPSC-
Derived Astrocytes 

Using a previously published protocol (Serio et al., 2013), astrocyte-like 

cells were successfully differentiated from iPSC lines representing six 

independent individuals: two from PD patients carrying the LRRK2G2019S 

mutation (SP12 and SP13), two from patients with Sporadic PD (SP04 and 

SP16), and two healthy age-matched 

controls (SP17 and SP09).  

The first step of the protocol required 

the generation of Embryoid Bodies 

(EBs), followed by plating those EBs 

on matrigel for 14 days, and then 

allowing for neural structures to form 

and to be mechanically picked and 

kept in suspension (Fig. 9 in 

Materials and Methods section). 

Once neural structures were in 

suspension, they were considered to be spherical neural masses (SNMs). 

SNMs were passaged by mechanically cutting them with a handmade cutting 

tool from a glass Pasteur (Fig. 13). The protocol required the SNMs to be 

passaged once per week and then were considered to be ready for full SNM 

characterization after 30 days in culture (after 4 passages), mechanical 

selection of neural structure in suspension being day 1 (Fig. 10 in Materials 

and Methods section).  

 

 

Figure 13. SNM 
Cutting Tool.  
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Figure 14. Characterization of LRRK2-PD and WT iPSC-
Derived Astrocytes.  

(a) Scheme of astrocyte generation protocol step. (b) Representative images of 
two control lines and two LRRK2-PD lines staining positive for astrocytic 
markers CD44 (precursor), GFAP (general astrocytes), and S100β (mature 
astrocytes), GLT1 (excitatory amino acid transporter 2) and negative or low 
expression for TUJ1 (immature neuron), no MAP2 (mature neuron) nor NG2 
(oligodendrocytes) expression (n = 3). Scale bar, 100 µm. (c) Astrocyte 
population is highly pure amongst all lines. (d) Heatmap representing calcium 
fluctuation recording using Fluo4-AM (n = 2). 
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Once SNMs reached 30 days, some were plated on matrigel with medium 

supplemented with N2 and B27 for a 3-week neural differentiation and 

others were fixed in toto for immunocytochemical analysis of pluripotency 

markers (Fig. 11 in Materials and Methods section). After having been 

fully characterized, SNMs underwent the astrocyte generation protocol. 

SNMs were placed in suspension with medium supplemented with LIF and 

EGF for three weeks, FGF2 and EGF for another three weeks, mechanically 

desegregated and plated as a monolayer with FGF2 and EGF for two weeks, 

and finally cultured with medium supplemented with CNTF for two more 

weeks where they were deemed as astrocyte progenitors (passage 0). For this 

project, astrocytes were passaged up to four passages to reach full astrocyte 

identity.  

All six iPSC-derived astrocyte lines were fully characterized through 

immunocytochemistry (ICC) using the appropriate markers (Fig. 14b, 15b). 

Cells positively stained for astrocyte progenitor markers CD44 when at the 

progenitor level. Astrocytes were further characterized, once reaching 

complete astrocyte identity and maturity at passage 4, by positively staining 

for astrocyte maturity marker S100 calcium-binding protein β (S100β), as 

well as excitatory amino acid transporter 2 (EAAT2, also known as GLT1). 

Additional markers including general neuronal marker TUJ1, neuronal 

maturity marker MAP2, and oligodendrocyte marker NG2 were negatively 

stained. The vast majority (95%) of the cells expressed astrocytic marker 

glial fibrillary acidic protein (GFAP), indicating a highly pure population of 

iPSC-derived astrocytes (Fig. 14c, 15c).  

In addition to qualitative characterization, we performed functional 

quantitative analysis to determine if these cells reflected the functional 

qualities of astrocytes found in the brain. Calcium (Ca2+) recordings from PD 
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and non-PD astrocytes showed a heterogeneous pattern of calcium 

fluctuations under basal conditions, revealing functionality (Fig. 14d, 15d). 

As this technique measured whole cell Ca2+ fluctuations, differences between 

PD and WT astrocytes were not evident. In addition to Ca2+, we measured 

ATP production, which resulted in similar levels (Fig. 16a), further 

supporting the successful generation of functionally equivalent astrocyte-like 

cells from both groups. 

 

Figure 15. Characterization of Sporadic-PD iPSC-Derived 
Astrocytes.  

(a) Scheme of astrocyte generation protocol step. (b) Immunofluorescence 
staining of astrocyte markers CD44, GFAP, S100β, and negative for TUJ1, 
MAP2 and NG2. (c) Astrocyte population is highly pure amongst all lines. (d) 
Calcium recording using Fluo4-AM. 
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Quantitative Real Time PCR (qRT-PCR) was performed in parallel revealing 

mRNA expression of astrocyte end-feet marker Aquaporin-4 (AQP4) in both 

control and PD astrocytes (Fig. 16b). These results were consistent for all 

PD and WT astrocytes.  

 

Figure 16. iPSC-Derived Astrocytes Are Functional. 

(a) Astrocytes produce similar levels of ATP. (b) Relative AQP-4 mRNA 
expression in all astrocyte lines. All graphs plot mean ± s.e.m, unpaired two-
tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. 
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4.2 Astrocytes Can Support Neuronal Homeostasis in 
Newly Established Co-Culture System. 

 

Figure 17. Set-Up of Neuron-Astrocyte Co-Culture System. 

(a) Diagram of newly devised co-culture system. (b) Representative images of 
4-week co-culture staining positive for WT vmDA neurons (TH), WT 
astrcoytes (GFAP), Excitatory Amino Acid Transporter 2 (GLT1), and nuclear 
DAPI. Scale bar 20 µm.  
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To evaluate glial contribution during PD, a newly devised co-culture system 

was created (Fig. 17a) either by directly placing neurons on the top of 

astrocytes (direct contact) or by culturing neurons alone with astrocyte 

conditioned medium (indirect contact). To do this, A9 ventral midbrain 

dopaminergic (vmDA) neurons were generated* and fully characterized 

using a combination of two previously published protocols (Chambers et al., 

2009; Kriks et al., 2011) (Fig. 12a). After 80 days under differentiation 

conditions, the cells expressed neuronal markers such as MAP2, and vmDAn 

lineage markers tyrosine hydroxylase (TH), FOXA2, and G protein-activated 

K+ channel (GIRK2). Neuronal cultures were typically comprised of 

approximately 30% TH positive neurons, and, within that population, 30% 

were TH/FOXA2 and 60% were TH/GIRK double positive cells (Fig. 12c).  

 

 

 
                                                                                                               
*Neurons were generated by Giulia Carola of the Institute of Biomedicine of 
the University of Barcelona (IBUB).  
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Figure 18. Neurons are Functional and Create a Connected 
Network During a Co-Culture. 

(a) Neurons expressing α-synuclein in the pre-synaptic terminals. (b) Neurons 
expressing synapsin 1 in the pre-synaptic terminals. (c) TH neurons form a 
connected network with other MAP2 positive cells. 

 

These neurons were determined functional through successful generation of 

Ca2+ fluctuation waves (Fig. 12d). The neuronal differentiation protocol calls 

for the addition of several factors to maintain a nutritious environment for 

the neurons to live in. During the co-culture, however, all factors were 

removed since the astrocytes were expected to provide trophic support. The 

co-culture system was efficacious and WT astrocytes were able to allow for 

the proper maturation of WT vmDA neurons and glutamate exchange 

through GLT1 expression (Fig. 17b), as well as to promote neuronal synapse 

formation (Fig. 18a,b) and an overall healthy neuronal network comprised of 

many MAP2 positive cells (Fig. 18c). Once the co-culture system was 

successfully created, we combined neurons and astrocytes from LRRK2-PD 

patients with neurons and astrocytes of WT controls in order to determine if 

glia cells play a role during PD.  
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4.3 Non-Cell Autonomy in Parkinson’s Disease 
Pathogenesis 

4.3.1 Parkinson’s Disease Astrocytes Cause Neurodegeneration in 
Healthy Dopaminergic Neurons in a Direct Contact Co-Culture. 

 

Figure 19. WT vmDA Neurons Show Morpholigical Signs of 
Neurodegeneration when Co-Cultured with LRRK2-PD 
Astrocytes.  

(a) Representative images staining WT vmDAn (TH) on the top of WT 
astrocytes during a 2-week co-culture, scale bar 20µm and 0.2µm zoom. (b) 
WT vmDAn (TH) on the top of LRRK2-PD astrocytes during a 2-week co-
culture, scale bar 20µm and 0.2µm zoom. (c) WT vmDAn (TH) on the top of 
WT astrocytes during a 4-week co-culture, scale bar 20µm and 0.2µm zoom. 
(d) WT vmDAn (TH) on the top of LRRK2-PD astrocytes during a 4-week co-
culture, scale bar 20µm and 0.2µm zoom. (e) Graph representing TH/DAPI 
WT neuron count when co-cultured with WT or LRRK2-PD astrocytes at 2 
weeks, (n = 3, total neurons counted = 1245). (f) 4 weeks (n = 3, total neurons 
counted = 1160). All graphs plot mean ± s.e.m, unpaired two-tailed Student’s t-
test, *p<0.05, **p<0.01, ***p<0.001. 
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We examined the effects of astrocytes expressing mutated LRRK2G2019S on 

the survival of WT iPSC-derived vmDA neurons upon co-culture. After two 

weeks of culture with PD astrocytes, WT vmDA neurons started to show 

some signs of aberrant morphology (Fig. 19b). We detected a decrease of 

50% of TH positive cells (Fig. 19e) compared to those cultured with WT 

astrocytes (Fig. 19a). After four weeks in co-culture, WT vmDAn on the top 

of WT astrocytes developed many arborizations comprised of several long 

smooth neurites forming complex networks (Fig. 19c). In contrast, WT 

neurons placed on LRRK2-PD astrocytes for four weeks rarely formed more 

than two neurites, some displaying overt signs of neurodegeneration 

(short/few arborizations and beaded-necklace neurites) (Fig. 19d), and were 

overall lower in number (TH/DAPI) compared to those on healthy astrocytes 

(Fig. 19f). WT vmDAn when co-cultured on LRRK2-PD astrocytes were 

comprised of 35 fold more TH neurons with neurodegenerative phenotypes 

compared to when on WT astrocytes (Fig. 19e). Sholl analysis revealed WT 

neurons on the top of WT astrocytes reaching a maximum of approximately 

10 neurite intersections per neuron reaching lengths of 300 microns (Fig. 

20b,d). On the contrary, WT neurons cultured on the top of LRRK2-PD 

astrocytes never surpassed more than two neurite intersections during Sholl 

analysis with neurite length reaching barely 100 microns (Fig. 20c,d).  
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Figure 20. WT vmDA Neurons Have Shorter Neurites and 
Fewer Neurite Intersections When Co-Cultured with LRRK2-
PD Astrocytes.  

(a) Scheme representing co-culture system of WT neurons on the top of both 
WT and PD astrocytes for 4-weeks. (b and c) Scholl analysis image of neurite 
traces of WT neurons in both co-culture conditions. (d) Graph representing 
Scholl analysis of number of neurite intersections in WT neurons when co-
cultured on WT astrocytes or PD astrocytes for 4 weeks (n = 3, total neurons 
counted = 40). (e) Graph plotting fold increase of TH with degenerative 
morphology during a 4-week co-culture on either WT or LRRK2-PD astrocytes 
normalized to total TH (fold change normalized to WT condition, n = 3, total 
neurons counted = 1160). All graphs plot mean ± s.e.m, unpaired two-tailed 
Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. 
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Interestingly, this neurodegeneration was TH specific as MAP2/DAPI 

positive cell numbers were maintained at similar levels (Fig. 21c) in both 

conditions – WT neurons on WT astrocytes (Fig. 21a) and WT neurons on 

PD astrocytes (Fig. 21b). 

 

 

Figure 21. LRRK2-PD Astrocyte Induced Neurodegeneration is 
Dopaminergic Specific. 

(a) WT vmDAn (TH) and mature neuron marker (MAP2) on the top of WT 
astrocytes (GFAP) during a 4-week co-culture, scale bar 20µm. (b) WT 
vmDAn (TH) and mature neuron marker (MAP2) on the top of LRRK2-PD 
astrocytes (GFAP) during a 4-week co-culture, scale bar 20µm. (c) 
MAP2/DAPI count in co-cultures on WT and LRRK2-PD astrocytes (n = 2, 
total neurons counted = 3583). All graphs plot mean ± s.e.m, unpaired two-
tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. 

 

 

Viability tests of both WT and LRRK2-PD astrocytes at 2- and 4-week time-

points were performed revealing highly similar values (differences non-

significant), indicating that neurodegenerative signs displayed by WT 

vmDAn were not caused by the death of the PD astrocytes (Fig. 22a,b). 
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Figure 22. LRRK2-PD Astrocytes Are As Viable As WT 
Astrocytes. 

(a) Contour plot of astrocyte viability using Calcein G and Propidium iodide 
(PI) at 2 weeks. (b) Contour plot of astrocyte viability using Calcein G and 
Propidium iodide (PI) at 4 weeks. 
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4.3.2 Parkinson’s Disease Astrocytes Transfer Alpha-Synuclein 
to Healthy Dopaminergic Neurons During Direct Contact Co-
Culture. 

 

Figure 23. vmDAn Derived from Healthy Patients Accumulate 
Alpha-Synuclein when Co-Cultured with LRRK2-PD 
Astrocytes After 4 Weeks.  

Representative images of WT vmDAn (TH) and α-synuclein (SNCA) when co-
cultured with both WT (a) and LRRK2-PD (b) astrocytes after 4 weeks in 
culture, scale bar 0.2µm. (c) Graph representing SNCA positive TH/TH total 
count when WT vmDAn are co-cultured with WT or LRRK2-PD astrocytes 
after 4 weeks (n = 3, total neurons counted = 299). All graphs plot mean ± 
s.e.m, unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001.  
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Since α-synuclein accumulation is a hallmark of PD pathogenesis, we 

examined α-synuclein levels in our co-cultures. Apart from displaying 

morphological neurodegenerative phenotypes and a lack of complex 

neuronal networks, approximately 40% of TH positive WT vmDA neurons 

were found to accumulate α-synuclein when co-cultured with LRRK2-PD 

astrocytes (Fig. 23b,c). Conversely, α-synuclein was barely detectable in the 

cytoplasm of WT vmDAn when co-cultured with WT astrocytes (Fig. 23a).  

 

Figure 24. Overall Increase of Alpha-Synuclein Levels in Co-
Cultures with LRRK2-PD Astrocytes  

Representative images of GFAP either for WT astrocytes (a) or LRRK2-PD 
astrocytes (b) and α-synuclein (SNCA) when co-cultured with WT vmDAn 
after 4 weeks in culture, scale bar 20µm. (c) Graph representing SNCA positive 
GFAP/GFAP total count when WT vmDAn are co-cultured with WT or 
LRRK2-PD astrocytes after 4 weeks (n = 3, total astrocytes counted = 736). All 
graphs plot mean ± s.e.m, unpaired two-tailed Student’s t-test, *p<0.05, 
**p<0.01, ***p<0.001.  
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Notably, while WT astrocytes had no or low levels of α-synuclein during the 

co-culture with WT neurons (Fig. 24a), PD astrocytes displayed high levels 

of α-synuclein when co-cultured with WT neurons (Fig. 24b). Upon 

counting, 98% of LRRK2-PD astrocytes had high levels of α-synuclein when 

co-cultured with WT vmDA neurons (Fig. 24c), which was a starting 

indicator that the accumulated α-synuclein in the WT vmDA neurons could 

originate from the LRRK2-PD astrocyte.  

 

Figure 25. Generation and Characterization of Alpha-Synuclein 
Flag Tagged Line (SNCA-Flag). 

(a) Scheme of flag tagged α-synuclein using CRISPR/CASP9 gene editing 
technology. (b) Scheme of astrocyte generation protocol and 
immunofluorescent colocalization analysis of flag and α-synuclein in LRRK2-
PD astrocytes (GFAP) after 14 days in culture. (c) Representative images of 
both edited WT and LRRK2-PD astrocyte lines characterized with astrocyte 
markers CD44, GFAP, S100β, and negative for TUJ1, MAP2 and NG2. (d) Gel 
of flag tagged SNCA insertion. 
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Figure 26. LRRK2-PD Astrocytes Transfer Flag Tagged Alpha-
Synuclein to WT Neurons. 

(a) Representative images of WT vmDAn (TH) on the top of WT SNCA Flag 
astrocytes during a 4-week co-culture, scale bar 20µm and 0.2µm zoom. (b) 
Representative images of WT vmDAn (TH) on the top of LRRK2-PD SNCA 
Flag astrocytes during a 4-week co-culture, scale bar 20µm and 0.2µm zoom. 
 

 In order to directly visualize whether or not α-synuclein was passed from the 

PD astrocyte to the WT neuron, α-synuclein-flag tagged astrocyte lines were 
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newly generated* and fully characterized (Fig. 25). Indeed, the tagged 

α-synuclein in the PD astrocytes was directly transferred to the WT neurons 

and accumulated (Fig. 26b), which was not present when WT vmDAn were 

co-cultured with WT astrocytes (Fig. 26a; 27a). The presence of α-synuclein 

in WT vmDAn cell body and major processes were confirmed by z-section 

of confocal imaging (Fig. 27b,c).  

 

Figure 27. LRRK2-PD Astrocyte-Derived Alpha-Synuclein is 
Found in WT Neurons During Co-Culture.  

(a) WT neurons on the top of LRRK2-PD SNCA flag astrocytes reveal direct 
transfer of flag tagged SNCA from the astrocyte to the neuron, scale bar 
0.2µm. (b) Colocalization analysis of SNCA and Flag in a 4-week co-culture of 
WT vmDAn (TH) on the top of LRRK2-PD SNCA Flag astrocytes, scale bar 
20µm. (c) Colocalization analysis of SNCA and Flag in a 4-week co-culture of 
WT vmDAn (TH) on the top of LRRK2-PD SNCA Flag astrocytes. 

 
                                                                                                               
*SNCA-flag tagged iPSC derived lines generated by Dr. Carles Calatayud 
Aristoy and Giulia Carola of the Institute of Biomedicine of the University of 
Barcelona (IBUB), Spain. 
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4.3.3 Healthy Dopaminergic Neurons Show Signs of 
Neurodegeneration and Accumulate Alpha-Synuclein When 
Indirectly Co-Cultured with Conditioned Medium from 
Parkinson’s Disease Astrocytes. 

 

Figure 28. WT Neurons Show Signs of Neurodegeneration and 
Higher Levels of Alpha-Synuclein When Co-cultured with 
Medium Conditioned by LRRK2-PD Astrocytes.  

(a) Representative images of WT vmDAn (TH) and α-synuclein (SNCA) when 
co-cultured with medium from both WT and (b) LRRK2-PD astrocytes after 4 
weeks in culture, scale bar 50µm, zoom 0.2µm. (c) Orthogonal view 
confirming colocalization of SNCA with TH in WT neurons cultured with 
LRRK2-PD astrocyte medium. (d) Graph representing the effects of astrocyte 
medium on WT neurons in terms of neurons positive for SNCA inclusions as 
well as harboring a degenerated morphology (fewer than 2 neurites or beaded 
like neurites). All graphs plot mean ± s.e.m.  

 

In addition to co-culturing cells with direct glia-neuron contact, we also 

tested the effect of supplying WT neurons with medium conditioned by WT 
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or PD astrocytes (Fig. 28). WT vmDA neurons showed morphological signs 

of neurodegeneration and α-synuclein accumulation when cultured with 

LRRK2-PD astrocyte-conditioned medium (Fig. 28b) compared to when co-

cutured with medium conditioned by WT astrocytes (Fig. 28a). The 

α-synuclein accumulation in the WT neurons that were cultured with 

medium conditioned by LRRK2-PD astrocytes was confirmed through 

orthogonal view confocal microscopy analysis (Fig. 28c). Cell counting 

analysis revealed that almost all TH positive neurons, when conditioned with 

medium from LRRK2-PD astrocytes, had higher levels of α-synuclein and a 

degenerative morphology (2 or less neurites, or beaded-like necklace 

neurites) compared to when conditioned with medium from WT astrocytes 

(Fig. 28d). It is necessary to note that the indirect co-culture condition was 

not as successful in terms of supporting neuronal homeostasis as was the 

direct co-culture, since the TH number is lower during an indirect co-culture 

condition compared to the direct co-culture condition. Nevertheless, the 

effect of LRRK2-PD astrocytes compared to WT astrocytes on WT neurons 

was evident in both co-culture conditions.  
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4.3.4 Parkinson’s Disease DA Neurons Recover 
Neurodegeneration and Alpha-Synuclein Accumulation when Co-
Cultured with WT Astrocytes.  

 

 

Figure 29. LRRK2-PD 
Neurons Have Partially 
Restored Arborized 
Neurite Morphology When 
Co-Cultured with WT 
Astrocytes.  

(a) Scheme representing 
co-culture system of PD 
neurons on the top of 
both WT and PD 
astrocytes for 4 weeks. 
(b and c) Scholl 
analysis image of 
neurite traces of PD 
neurons in both co-
culture conditions. (d) 
Graph representing 
Scholl analysis of 
number of neurite 
intersections in PD 
neurons when co-
cultured on WT 
astrocytes or PD 
astrocytes for 4 weeks 
(n = 3, total neurons 
counted = 40). All 
graphs plot mean ± 
s.e.m, unpaired two-
tailed Student’s t-test, 
*p<0.05, **p<0.01, 
***p<0.001.  
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In order to determine if the neurodegeneration could be rescued or prevented 

by healthy astrocytes, we co-cultured vmDA neurons derived from patients 

carrying the G2019S mutation on the LRRK2 gene with both WT and 

LRRK2-PD astrocytes (Fig. 29a). LRRK2-PD neurons alone (data not 

shown) show signs of neurodegeneration as early as 50 days of 

differentiation and accumulate α-synuclein in the soma when cultured with 

medium without factors. These LRRK2-PD neurons alone barely reach the 

80-day time-point when cultured without factors, however, in order to 

visualize a phenotype, the factors had to be removed.  

After a 4-week co-culture, LRRK2-PD neurons showed a partially recovered 

neurite number and complex neurite arborization when co-cultured on WT 

astrocytes (Fig. 29c) as opposed to when cultured with LRRK2-PD 

astrocytes (Fig. 29b). Sholl analysis revealed the average LRRK2-PD neuron 

while on WT astrocyte to harbor a maximum of five neurite intersections per 

neuron with a neurite length reaching 180 microns (Fig. 29d), whereas 

LRRK2-PD neurons when co-cultured with LRRK2-PD astrocytes never 

reached more than two neurite intersections per neuron with a maximum 

neurite length of 100 microns (Fig. 29d).  

When comparing neurite intersection number of the rescued LRRK2-PD 

neuron on WT astrocyte co-culture (average of five neurite intersections per 

neuron) with the condition of WT neuron on WT astrocyte (average of ten 

neurite intersections per neuron), the rescue is partial. However, when 

comparing the LRRK2-PD neuron on WT astrocyte (average of five neurite 

intersections per neuron) to LRRK2-PD neuron on LRRK2-PD astrocyte 

(average of two neurite intersections per neuron) the rescue was statistically 

significant.  
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Levels of α-synuclein also were diminished in LRRK2-PD neurons when co-

cultured with WT astrocytes compared to when co-cultured with LRRK2-PD 

astrocytes after 4 weeks (Fig. 30a,b). LRRK2-PD neurons on the top of WT 

astrocytes reached 25% TH/DAPI after two weeks in culture compared to 

when on LRRK2-PD astrocytes at 12% (Fig. 30c). After 4 weeks in culture 

LRRK2-PD neurons on the top of WT astrocytes increased to 45% TH/DAPI 

compared to when on LRRK2-PD astrocytes there was a decrease to 6% 

(Fig. 30c). Overall MAP2 positive cells (normalized to DAPI) were similar 

in number when LRRK2-PD neurons were co-cultured with WT and 

LRRK2-PD astrocytes, revealing that the fluctuation in cell number was TH 

specific (Fig. 30d).  
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Figure 30. PD Neurons Restore Arborized Morphology and 
Have Less Accumulated Alpha-Synuclein When Co-Cultured 
with WT Astrocytes.  

(a) Immunofluorescence representations of α-synuclein (SNCA) levels during 
a 4-week co-culture with PD neurons (TH) on the top of WT astrocytes 
(GFAP) (b) and PD neurons on the top of PD astrocytes. (c) Graph plotting 
TH/DAPI in co-cultures with PD neurons on the top of WT and PD astrocytes 
at 2 and 4 weeks (n = 2, total neurons counted = 6301). (d) Graph plotting 
MAP2 (normalized to DAPI) positive neurons in co-cultures with both WT and 
PD astrocytes (n = 2, total neurons counted = 4219). All graphs plot mean ± 
s.e.m, unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001).  
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4.4 Astrocytes and Inflammation: A Double-Edged 
Sword 

4.4.1 Adverse Parkinson’s Disease Astrocytes Harbor a 
Hypertrophic Morphology and Produce Super Oxide.  

 

Figure 31. PD Astrocytes Adopt a Hypertrophic Morphology, 
As Do WT Astrocytes When Co-Cultured with PD Neurons.  

(a) Representative images of WT astrocytes marked with GFAP when co-
cultured with WT neurons for 4 weeks. (b) GFAP staining PD astrocytes when 
co-cultured with WT neurons. (c) GFAP staining WT astrocytes when co-
cultured with PD neurons. (d) GFAP staining PD astrocytes when co-cultured 
with PD neurons. (e) Flow cytometry analysis of basal ROS levels in both WT 
and PD astrocytes. (f) Super Oxide levels in WT and PD astrocytes. All graphs 
plot mean ± s.e.m, unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, 
***p<0.001.  
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Astrocytes can adopt a myriad of morphologies depending on their function. 

We took a closer look at astrocyte morphology and GFAP signal in the co-

cultures. When WT neurons were co-cultured with WT astrocytes, the WT 

astrocytes adopted a very flat and large morphology with lower GFAP signal 

(Fig. 31a). Interestingly, when LRRK2-PD neurons were co-cultured with 

those same WT astrocytes, most astrocytes maintained a large and flat 

morphology with low GFAP signal, however a select few (10%) adopted a 

hypertrophic morphology with retracted processes and high GFAP signal 

(Fig. 31c). LRRK2-PD astrocytes, whether they were co-cultured with WT 

or LRRK2-PD neurons, adopted a hypertrophic morphology with retracted 

processes and high GFAP signal (Fig. 31b,d). In order to determine if the 

retracted morphology of LRRK2-PD astrocytes reflects a pathogenic 

function, Super Oxide levels were measured. LRRK2-PD astrocytes 

produced significantly more Super Oxide levels than WT astrocytes (Fig. 

31e,f).  

 

Figure 32. WT Astrocytes Are Neuroprotective When They 
Become Activated to Clear Alpha-Synuclein 

(a) Immunofluorescence representing PD neurons (TH) on the top of WT 
astrocytes (GFAP) with a focus on α-synuclein (SNCA). 
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4.4.2 Activated Healthy Astrocytes Can Ignite Neuroprotective 
Pathways and Mop Up Alpha-Synuclein 

 

Figure 33. Lack of Neuroprotective TFEB Gene Expression Has 
Inverse SNCA Expression in LRRK2-PD Astrocytes. 

(a) qRT-PCR graph depicting TFEB mRNA expression levels in human 
fibroblasts, WT and LRRK2-PD astrocytes at 6 and 14 days. (b) qRT-PCR 
graph depicting α-synuclein mRNA expression levels in human fibroblasts, 
WT and LRRK2-PD astrocytes at 6 and 14 days. (c) Scheme depicting possible 
correlation between TFEB and SNCA mRNA expression levels between 
astrocyte lines.  

 

 Astrocytes derived from healthy patients show to adopt a neuroprotective 

role when co-cultured with LRRK2-PD neurons. Co-culturing LRRK2-PD 

neurons with WT astrocytes resulted in preventing morphological 

phenotypes of neurodegeneration and the accumulation of α-synuclein (Fig. 

31). Although the majority of WT astrocytes had a lower level of GFAP 

protein expression and a flat large morphology, approximately 10% of WT 

astrocytes in co-cultures with LRRK2-PD neurons adopted a hypertrophic 

morphology with extremely retracted processes and accumulated α-synuclein 

(Fig. 32a). This suggests that the WT astrocytes secrete neuroprotective 

factors to help in neuronal survival and maturation.  
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Upon qRT-PCR analysis, WT astrocytes expressed higher mRNA expression 

levels of transcription factor EB (TFEB), a gene involved in autophagy. 

Interestingly, when WT astrocytes expressed TFEB at 6 days, α-synuclein 

levels at 14 days were very low, whereas the LRRK2-PD astrocytes lacked 

in expression of TFEB at both 6 and 14 days, and expressed high levels of 

α-synuclein at 14 days (Fig. 33). This convers expression of TFEB with 

SNCA could have some neuroprotective effect on how SNCA is being 

degraded.  
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4.5 Parkinson’s Disease Astrocytes Harbor Phenotypes 
Previously Described in Dopaminergic Neurons of 
Parkinson’s Disease Patients. 

4.5.1 Parkinson’s Disease Astrocytes Display Calcium Sensitivity 
When Exposed to Ca2+ Agonists 

 

Figure 34. LRRK2-PD Astrocytes Have a Higher Calcium 
Sensitivity When Treated with Ca2+ Agonists Compared to WT 
Astrocytes After 7 Days in Culture.  

Cells were treated with calcium agonists (a) 1mM of glutamate (b) 1mM ATP 
and (c) 0.1mm of carbachol after 7 days of culture and calcium levels were 
recorded.  
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We analyzed the effects of glutamate 1mM, carbachol 0.1mM, and ATP 

1mM on intracellular calcium levels [Ca2+]i in iPSC-derived astrocytes from 

control and PD patients at DIV7 (Fig. 34) and DIV14 (Fig 35). First, we 

observed that immediately after application of agonists, fluorescent calcium 

imaging with fura-2 showed increased [Ca2+]i in the astrocytes.  

 

Figure 35. LRRK2-PD Astrocytes Have Higher Calcium 
Sensitivity When Treated with Ca2+ Agonists Compared to WT 
Astrocytes After 14 Days in Culture.  

Cells were treated with calcium agonists (a) 1mM of glutamate (b) 1mM ATP 
and (c) 0.1mm of carbachol after 7 days of culture and calcium levels were 
recorded.  
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At both DIVs, increases of [Ca2+]i to glutamate and ATP agonists were 

higher in LRRK2-PD than WT-derived cells, whereas increases of [Ca2+]i to 

carbachol were similar in both types of cells (Fig. 34; 35)*. At DIV14, we 

observed lower responses to glutamate in control and PD cells and to ATP in 

control cells as compared to those that were obtained at DIV7. However, PD 

cells showed higher Ca2+ levels in ATP response at DIV14 than at DIV7. 

These preliminary results indicate that iPSC-derived astrocytes express 

functional receptors to glutamate, ATP, and carbachol agonists. In these cell 

lines, PD cells show higher responses to glutamate and ATP than to WT 

cells. Long-term cultured cells show smaller calcium responses to glutamate 

and ATP in control and PD-derived cells, with the exception of PD-derived 

cell response to ATP. 

 
                                                                                                               

* Data courtesey of Elena Alberdi from Achucarro - Basque Center for 
Neuroscience, Bilbao, Spain.  
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4.5.2 Degradation Pathways in Parkinson’s Disease Astrocytes 
Are Dysfunctional. 

4.5.2.1 Parkinson’s Disease Astrocytes Display Disrupted Chaperone 
Mediated Autophagy Machinery and Accumulate Alpha-Synuclein. 

 

Figure 36. Altered CMA and SNCA Accumulation in LRRK2-PD 
(SP13) Astrocytes.  

(a) Representative images of the receptor for CMA (LAMP2A), astrocyte 
marker GFAP, SNCA and nuclear marker DAPI in control and LRRK2-PD 
astrocytes at 6 and 14 days, scale bar 10µm. Smaller white circles represent 
perinuclear area, whereas larger green circles represent non-perinuclear area. 
Scale bar 20µm. (b) Positive co-localization between LAMP2A and SNCA in 
LRRK2-PD astrocytes. (c) Western blot of SNCA protein levels in control and 
LRRK2-PD astrocytes after 14 days, acting as a loading control, quantification 
in graph (n = 3) (d). All graphs plot mean ± s.e.m, unpaired two-tailed Student’s 
t-test, *p<0.05, **p<0.01, ***p<0.001.  
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Degradation of α-synuclein in lysosomes occurs to a large extent through 

chaperone-mediated autophagy (CMA) (Cuervo, Stefanis, Fredenburg, 

Lansbury, & Sulzer, 2004; Martinez-Vicente et al., 2008). To investigate 

possible changes in CMA in LRRK2-PD astrocytes, we first stained at 6 and 

14 days for both α-synuclein and LAMP2A, the receptor for CMA (Fig. 

36a).  

The control astrocytes showed LAMP2A in the perinuclear area (perinuclear 

lysosomal positioning occurs during CMA activation (Kiffin, 2004)) and low 

basal levels of α-synuclein at both 6 and 14 days. In contrast, LRRK2-PD 

astrocytes displayed LAMP2A positive vesicles completely dispersed all 

over the cell body as early as 6 days, and which continued to be present after 

14 days. Moreover, higher α-synuclein levels were confirmed in LRRK2-PD 

iPSC-derived astrocytes after 14 days of culture, compared to control (Fig. 

36a; 37a). Astrocytes derived from Sporadic-PD patients also showed an 

increase in α-synuclein accumulation and a mislocalization of lysosomes 

from the perinuclear area, however the phenotypes were not as strong as the 

familial LRRK2-PD astrocytes (Fig. 39a). Interestingly, this accumulation 

was not present after 6 days of culture, suggesting progressive α-synuclein 

accumulation over the 14-day time-point. 
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Figure 37. Altered CMA and SNCA Accumulation in LRRK2-PD 
(SP12) Astrocytes 

(a) Representative images of the receptor for CMA (LAMP2A), astrocyte marker 
GFAP, SNCA and nuclear marker DAPI in second WT and second LRRK2-PD 
astrocyte lines at 6 and 14 days, scale bar 10µm. Smaller white circles represent 
perinuclear area, whereas larger green circles represent non-perinuclear area. (b) 
Positive co-localization between LAMP2A and SNCA in second LRRK2-PD 
astrocyte line. (c) Western blot of P62 after treatment with inhibitors of autophagy 
and the proteosomal system, mean ± s.e.m, plotted in graph (d). 

 

Co-localization analyses of α-synuclein with the LAMP2A receptor revealed 

a positive co-localization that was higher in LRRK2-PD iPSC-derived 

astrocytes (Fig. 36b; 37b) as well as Sporadic-PD astrocytes (Fig. 39b,c). 

CMA substrates usually are rapidly internalized and degraded inside 

lysosomes, but we have previously described a similar persistent association 

of α-synuclein with LAMP2A positive lysosomes in PD models due to 

blockage in α-synuclein translocation inside lysosomes (Orenstein et al., 

2013). These findings thus suggest a similar CMA blockage in the LRRK2-
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PD astrocytes at the receptor level. Also supportive of reduced !-synuclein 

degradation, Western blot analysis confirmed a higher monomeric protein 

level of !-synuclein in the LRRK2-PD mutant compared to controls (p<0.01, 

Fig. 36c,d). Through Western blot analysis, we detected specifically 

different forms of !-synuclein, such as dimers and tetramers, in the LRRK2-

PD astrocytes (Fig. 38a,b). 

 

Figure 38. Western Blot Analysis Reveals Several SNCA Forms 
in LRRK2-PD Astrocytes 

(a) Western blot of !-synuclein antibody in patient fibroblasts, astrocytes and neurons. (b) 

Confirmation of Western blot results. 
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Figure 39. Sporadic Astrocytes Partly Accumulate Alpha-Synuclein* 

(a) Immunofluorescence revealing both Sporadic-PD astrocyte lines accumulating 
α-synuclein after 14 days in culture. (b and c) Co-localization analysis of LAMP2A 
and SNCA in Sporadic-PD lines. (d) Graph displaying percentage of GFAP/DAPI 
cells which express high levels of SNCA or (e) have LAMP2A localized outside of 
the perinuclear area.  

 

 
                                                                                                               
*Done in collaboration with Isabel Fernandez Lopez of the Institute of 
Biomedicine at the University of Barcelona (IBUB). 
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Since LRRK2-PD astrocytes displayed higher levels of α-synuclein 

compared to controls, we next investigated possible differences in 

α-synuclein turnover in these cells. α-Synuclein has previously shown to 

undergo degradation both by the ubiquitin/proteasome system and by 

autophagy(Cuervo et al., 2004; Webb, Ravikumar, Atkins, Skepper, & 

Rubinsztein, 2003), therefore α-synuclein flux in the presence of lysosomal 

and proteasome inhibitors (Leupeptin 100µM and Lactacystin 5µM, 

respectively) was evaluated in control and LRRK2-PD astrocytes at 14 days 

(Fig. 40a).  

 

Figure 40 Lowered or No Alpha-Synuclein Flux in LRRK2-PD 
Astrocytes Compared to WT Astrocytes.  

(a) Western blot of SNCA protein levels after the addition of inhibitors of 
autophagy and proteasomal degradation. (b) Effects of inhibitors of 
α-synuclein accumulation (n = 2). All graphs plot mean ± s.e.m, unpaired two-
tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001.  
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Treatment with the inhibitors revealed a 20% increase of α-synuclein after a 

12-hour Leupeptin treatment (p<0.05), and 65% after a 2-hour Lactacystin 

treatment (p<0.01) in WT cells, whereas α-synuclein levels remained 

unchanged upon the addition of both inhibitors in the LRRK2-PD astrocytes 

(Fig. 40a,b). These findings suggest major alterations in α-synuclein 

proteostasis due to poor degradation by both the proteasome and lysosomal 

systems, resulting in p62 protein levels increasing in controls after inhibitor 

treatment whereas in the LRRK2-PD it decreased (Fig. 37c,d). 

 

Figure 41. LRRK2-PD Astrocytes Have Inactive Chaperone 
Mediated Autophagic Machinery.  

(a) Scheme of photoactivable KFERQ-DENDRA Chaperone Mediated 
Autophagy reporter (CMA reporter). (b) CMA reporter in control and LRRK2-
PD astrocytes 52 hours after photo-activation with UV light. 
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CMA activity was monitored using a photoactivatable CMA reporter 

KFREQ-Dendra (Koga et al., 2011) in both control and LRRK2-PD 

astrocytes for 52 hours after photoactivation (Fig. 41a). KFREQ-Dendra was 

present in the cytosol (diffuse fluorescent pattern) but as it is delivered to 

lysosomes via CMA it changed to a fluorescent punctate pattern. The WT 

astrocytes displayed this puncta indicative of functional CMA, whereas the 

signal in the LRRK2-PD astrocytes remained diffused in the cytosol, 

suggestive of an inactive CMA (Fig. 41b). 

 

Figure 42. Knock-Down of CMA Receptor in WT and LRRK2-
PD Astrocytes  

(a) Knockdown shLAMP2A and shLuciferase (as a control) in control and 
LRRK2-PD astrocytes after 14 days. (b) SNCA puncta area percentage per cell 
in control and LRRK2-PD astrocytes with shLuciferase or shLAMP2A (n = 2). 
(c) SNCA puncta increase ratio in control and LRRK2-PD astrocytes with 
shLuciferase or CMA knockdown shLAMP2A (n = 2). All graphs plot mean ± 
s.e.m, unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. 
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To investigate the contribution of the defect in CMA to the progressive 

accumulation of α-synuclein in the LRRK2-PD astrocytes, we next 

performed a knockdown of LAMP-2A using lentiviral-mediated shRNA 

targeting and silencing the LAMP-2A gene (shLAMP-2A) and in parallel an 

shRNA targeting the Luciferase gene (shLuc) as a control (Fig. 42a). The 

shLuc control astrocytes displayed an expected low level of α-synuclein, 

whereas after shLAMP-2A transduction, there was a highly significant 2.5-

fold increase comparable to the levels observed in LRRK2-PD astrocytes 

(p<0.001) in α-synuclein puncta (Fig. 42b,c). Knockdown of LAMP-2A did 

not change α-synuclein puncta levels in the LRRK2-PD astrocytes further 

suggesting defective CMA for α-synuclein in these cells. 
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4.5.2.2 Parkinson’s Disease Astrocytes Have Defective Macroautophagy and 
Accumulate Autophagosomes.  

 

Figure 43. Dysfunctional Macroautophagy in LRRK2-PD 
(SP13) Astrocytes.  

(a) Representative images of lysosomal protein marker LAMP1 and 
autophagosome marker LC3 in control and LRRK2-PD astrocytes at 6 and 14 
days. Smaller white circles represent perinuclear area, whereas larger orange 
circles represent non-perinuclear area. Scale bar 50µm. (b) Orthogonal view 
representing a lack of co-localization between LAMP1 and LC3 in LRRK2-PD 
astrocytes. (c) Western blot of LC3 II protein levels with corresponding 
quantification (n = 2). All graphs plot mean ± s.e.m, unpaired two-tailed 
Student’s t-test, *p<0.05, **p<0.01, ***p<0.001.  
 

Cells often respond to blockage in CMA by upregulating other autophagic 

pathways such as macroautophagy (A. C. Massey, Kaushik, Sovak, Kiffin, & 

Cuervo, 2006; Schneider et al., 2015), however, altered macroautophagy has 

also been reported in the context of PD (Sánchez-Danés et al., 2012; 

Winslow et al., 2010). To investigate the status of macroautophagy, 
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lysosomal marker LAMP1, autophagosome marker LC3, astrocyte marker 

GFAP, and nuclear DAPI were used during ICC on WT and LRRK2-PD 

astrocytes at both 6 and 14 days. In the controls, there was lysosomal 

LAMP1 staining in the perinuclear area and very few visible 

autophagosomes both at 6 and 14 days.  

 

Figure 44. Dysfunctional Macroautophagy in LRRK2-PD 
(SP12) Astrocytes.  

(a) Representative images of lysosomal protein marker LAMP1 and 
autophagosome marker LC3 in control and LRRK2-PD astrocytes at 6 and 14 
days. Smaller white circles represent perinuclear area, whereas larger green 
circles represent non-perinuclear area. Scale bar 50µm. (b) Orthogonal view 
representing a lack of co-localization between LAMP1 and LC3 in LRRK2-PD 
astrocytes.  
 

In the LRRK2-PD astrocytes, as for LAMP2A, LAMP1 positive vesicles lost 

the preferable perinuclear distribution and were found throughout the entire 

cell (Fig. 43a; 44a), as well as in Sporadic-PD astrocytes (Fig. 45a). In 

addition, there was a marked increase in autophagosome number (LC3 
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positive vesicles) starting as early as 6 days that continued increasing 

throughout the 14-day time-point. Most of the accumulated autophagosomes 

in the LRRK2-PD astrocytes did not co-localize with the LAMP1 lysosomes 

(Fig. 43b; 44b; 45b,c), suggesting that persistence of autophagosomes in 

these cells was due to their poor clearance by lysosomes. 

In agreement with the fluorescence studies, basal LC3 II levels were found to 

be higher in LRRK2-PD astrocytes compared to wild type (mean ± s.e.m, t 

test, * p<0.05) through WB analysis (Fig. 43c). LC3 flux measured as the 

increase in LC3-II levels upon blockage of lysosomal proteolysis with 

Leupeptin (100µM) and NH4Cl (20mM), was significantly reduced in the 

LRRK2-PD astrocytes compared to wild type (p<0.001, Fig. 46a,b). Lastly, 

basal p62 levels were higher in the LRRK2-PD astrocytes compared to wild 

type (p<0.05, Fig. 46c,d), and degradation of this macroautophagy receptor 

was also severely impaired in these cells. 
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Figure 45. Dysfunctional Macroautophagy in Sporadic-PD 
Astrocytes.* 

(a) Representative images of lysosomal protein marker LAMP1 and 
autophagosome marker LC3 in Sporadic-PD astrocytes at 6 and 14 days. 
Smaller white circles represent perinuclear area, whereas larger orange circles 
represent non-perinuclear area. Scale bar 50µm. (b and c) Orthogonal view 
representing a lack of co-localization between LAMP1 and LC3 in Sporadic-
PD astrocytes. 
 
 

 
                                                                                                               
*Done in collaboration with Isabel Fernandez Lopez of the Institute of 
Biomedicine at the University of Barcelona (IBUB). 
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Overall, these findings suggest that severe alterations in both autophagic 

pathways, CMA, and macroautophagy, contribute to the altered α-synuclein 

proteostasis observed in LRRK2-PD astrocytes. 

 

 

Figure 46. LRRK2-PD Astrocytes Have Impaired Autophagic 
Flux 

(a) Western blot of LC3-flux analysis after inhibiting macroautophagy with 
Leupeptin and NH4Cl. (b) LC3-flux ratio (2-hr drug treatment/no drug) 
representing the speed of fusion (n = 2). (c) Western blot of p62 protein levels 
with quantification (mean ± s.e.m) in graph (n = 2) (d). All graphs plot mean ± 
s.e.m, unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001.  
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4.5.3 Astrocytes from Parkinson’s Disease Patients Have a 
Disrupted Mitochondrial Network 

 

Figure 47. LRRK2-PD (SP13) Astrocytes Have Fragmented 
Mitochondria. 

(a) Representative images of external mitochondrial marker TOM20, astrocyte 
marker GFAP, and nuclear marker DAPI in control and LRRK2 astrocytes at 6 
and 14 days. Zoom provided to better visualize mitochondrial morphology. 
Scale bar 50µm. (b) Percentage of fragmented versus elongated mitochondria 
in LRRK2-PD and WT astrocytes at 6 days and (c) 14 days. 

 

Mitochondrial external membrane marker translocase of outer membrane 20 

(TOM20) was used to label the mitochondria of iPSC-derived adult 

astrocytes after 6 and 14 days (Figs. 47a; 48a; 49a). After 6 days in culture, 

a complex mitochondrial network was observed in the control astrocytes, 
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which was maintained after 14 days. In contrast, the LRRK2-PD and 

Sporadic-PD astrocytes displayed an unorganized mitochondrial network 

comprised mainly of fragmented mitochondria already after 6 days in 

culture.  

 

Figure 48. LRRK2-PD (SP12) Astrocytes Have Fragmented 
Mitochondria. 

(a) Representative images of external mitochondrial marker TOM20, astrocyte 
marker GFAP, and nuclear marker DAPI in control and LRRK2 astrocytes at 6 
and 14 days. Zoom provided to better visualize mitochondrial morphology. 
Scale bar 50µm. (b) Percentage of fragmented versus elongated mitochondria 
in LRRK2-PD and WT astrocytes at 6 days and (c) 14 days. 

 

The fragmented mitochondria phenotype continued to be evident after 14 

days of culture. After manual mitochondria counting, the control astrocytes 
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were revealed to have an equal number of fragmented versus elongated 

mitochondria whereas the LRRK2-PD astrocytes were comprised of 80-90% 

fragmented and 10-20% elongated mitochondria at both 6 and 14 days (Fig. 

47b,c; 48b,c).  

Figure 49. Sporadic-PD Astrocytes Have Fragmented 
Mitochondria.* 

(a) Representative images of external mitochondrial marker TOM20, astrocyte 
marker GFAP, and nuclear marker DAPI in control and LRRK2 astrocytes at 6 
and 14 days. Zoom provided to better visualize mitochondrial morphology. 
Scale bar 50µm.  
 

To determine if the small size of these mitochondria was due to increased 

mitochondrial fission, we analyzed mitofusin protein levels within our cells. 

Cells were either not treated or treated with CCCP, a mitochondrial 

 
                                                                                                               
*Done in collaboration with Isabel Fernandez Lopez of the Institute of 
Biomedicine at the University of Barcelona (IBUB). 
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uncoupler, as a positive control for 16 hours. Mitochondrial fission protein 

DRP1 phosphorylated form (pDRP1) was increased in LRRK2-PD 

astrocytes compared to controls (Fig. 50a,c). Levels of mitofusin protein 

responsible for mitochondrial fusion were the same between control and 

LRRK2-PD astrocytes and fibroblasts, those being MFN1/MFN2 (data not 

shown). LRRK2-PD astrocytes also displayed lowered levels of TOM20 

compared to wild type (Fig. 50b, d-e).  

 

Figure 50. LRRK2-PD Astrocytes Have More Phosphorylated 
DRP1 Compared to Control Astrocytes.  

(a and c) Western blot and corresponding graph revealing phosphorylated 
DRP1 and VDAC channel Porin protein levels in control and LRRK2-PD 
astrocytes in cells treated vs not treated with mitochondrial uncoupler drug 
CCCP, as a positive control (n = 2). (b, d-e) Western blot and representative 
graphs revealing TOM20 and TIM44 protein levels in control and LRRK2-PD 
astrocytes in cells treated versus not treated with CCCP (n = 2). All graphs plot 
mean ± s.e.m, unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, 
***p<0.001. 
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4.5.4 Chaperone Mediated Activator Drug Rescues Dysfunctional 
Autophagic Machinery and Alpha-Synuclein Accumulation 

 

Figure 51. CMA Activator Drug Treatment Rescues SNCA 
Accumulation and Restores LAMP2A to Perinuclear Area.  

(a) Representative images of 14-day WT astrocytes without treatment 
displaying LAMP2A in the perinuclear area and low levels of SNCA. (b) 14-
day PD astrocytes without treatment displaying a mislocalization of LAMP2A 
out of the perinuclear area and accumulation of SNCA. Orthogonal views 
reveal positive co-localization of SNCA to LAMP2A. (c) 14-day PD astrocytes 
after 20µg of QX77.1 drug treatment for 5 days displaying LAMP2A 
localization restored to the perinuclear area and lower levels of SNCA. (d) 
Graph displaying percentage of cells/DAPI that are SNCA and GFAP double 
positive in LRRK2-PD astrocytes either not treated or treated (n = 2, total 
astrocytes counted = 299). (e) Graph displaying percentage of cells/DAPI with 
LAMP2A in perinuclear area in LRRK2-PD astrocytes either not treated or 
treated (n = 2, total astrocytes counted = 299). All graphs plot mean ± s.e.m, 
unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. Scale 
bars 100µm and 20µm, respectively. 
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Intracellular accumulation of α-synuclein has been shown to contribute to 

cellular toxicity in PD and to further disrupt functioning of cellular 

proteostasis systems (Abeliovich & Gitler, 2016). We next investigated 

whether enhancing lysosomal clearance activity would ameliorate 

α-synuclein accumulation in LRRK2-PD astrocytes. LRRK2-PD astrocytes 

were treated with a novel CMA activator drug QX77 (derived from the 

original AR7 ref) with a concentration of 20µM for 5 days, and levels of 

α-synuclein were analyzed by immunofluorescence (Fig. 51a-c). LAMP-2A 

positive lysosomes, in LRRK2-PD astrocytes treated with the CMA 

activator, recovered the perinuclear distribution observed in control cells 

(Fig. 51c,e), suggesting re-activation of CMA in these cells. Consistent with 

higher CMA activity, QX77-treated cells had significantly lower α-synuclein 

content than untreated cells (Fig. 51c,d). These findings suggest that 

although multiple protein degradation pathways fail to efficiently degrade 

α-synuclein in LRRK2-PD cells, re-activation of one of these pathways, in 

our case CMA, is enough to restore normal α-synuclein proteostasis.  
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4.6 Western Blot Originals Un-Cropped  

 

Figure 52. Original Western blots  
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5.1 Non-Cell Autonomy in Parkinson’s Disease 

Several previous studies have suggested a possible role for glia cells during 

PD pathogenesis, however the underlying contributions remain elusive. Post-

mortem tissue of the SNpc of PD patients revealed α-synuclein accumulation 

in astrocytes (Wakabayashi et al., 2000). More recently, the scientific 

community has been delving into the investigation of inflammatory-mediated 

PD pathogenesis which has eluded to a glial contribution (Glass et al., 2010; 

Liddelow et al., 2017). However a direct link between astrocytes and 

neurodegeneration during PD is still unclear.  

In this study, we have been able to unveil a crucial mechanism linking 

astrocyte pathogenesis to neurodegeneration. Once having co-cultured 

healthy WT vmDAn on both WT and LRRK2-PD astrocytes, an effect was 

clearly evident. When healthy WT neurons were co-cultured with LRRK2-

PD astrocytes, they did not develop complex smooth arborizations as when 

co-cultured with WT astrocytes, but rather developed shorter and fewer 

neurites, as well as a select number (35-fold) adopting neurodegenerative 

characteristics, such as beaded-necklace neurites (Figs. 19; 20). These 

morphological effects indicate a neurotoxic effect of the PD astrocytes on the 

WT neurons, in line with recent findings (Hoenen et al., 2016; Liddelow et 

al., 2017).  

PD pathogenesis is dopaminergic neuron specific. The exact cause for this 

specificity is still unknown, however, a recent study has show that 

vulnerability is mediated by synaptic excitability, calcium activity and 

specific viability of SNpc DA neurons which is mediated by the 

hyperpolarization-activated current (Carbone, Costa, Provensi, Mannaioni, & 

Masi, 2017). In this study we found, overall TH cell number diminished 
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when WT vmDA neurons were co-cultured on LRRK2-PD astrocytes 

compared to on WT astrocytes at both 2- and 4-week time-points (Fig. 19). 

When WT vmDA neurons were co-cultured with LRRK2-PD astrocytes, 

they displayed a 45% increase of TH/α-synuclein double positive cells, 

compared to when co-cultured on WT astrocytes (Fig. 23). This 

neurodegeneration was found to be TH specific as MAP2 numbers in both 

conditions did not change significantly.  

The viability of both WT and LRRK2-PD astrocytes was similar, indicating 

that the degenerative effects on the neurons were not caused by astrocyte 

death (Fig. 22), but rather most likely were caused by other toxic molecules, 

which have not yet been detected. This evidence supports the fact that there 

are either neurotoxic factors secreted or a lack of secretion of 

neuroprotective factors by LRRK2-PD astrocytes that affect neuronal 

differentiation and survival, and more importantly which are targeting only 

the dopaminergic neuronal population (Fig. 21) (Liddelow et al., 2017).  

5.2 The Spread of Astrocyte-Derived Alpha-Synuclein  

Toxic oligomeric α-synuclein containing aggregates known as Lewy Bodies 

is a hallmark of PD (Spillantini, Crowther, Jakes, Hasegawa, & Goedert, 

1998). In addition to WT vmDA neurons harboring neurodegenerative 

phenotypes when co-cultured with LRRK2-PD astrocytes (Figs. 19; 20), 

α-synuclein accumulation also was recapitulated in our in vitro model (Figs. 

23; 24). There was an overall increase in α-synuclein levels in the entire co-

culture with the LRRK2-PD astrocytes compared to those with WT 

astrocytes. Upon closer inspection, we identified that LRRK2-PD astrocytes 

themselves also contained high levels of α-synuclein compared to WT 
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astrocytes in the co-culture condition (Fig. 24). Post-mortem tissue of PD 

patients has revealed astrocytes with accumulated α-synuclein (Wakabayashi 

et al., 2000). In order to track the astrocytic-derived α-synuclein we used 

CRISPR-CASP9 editing technology to develop astrocyte lines that have 

α-synuclein tagged with a Flag (Fig. 25). After regenerating astrocytes with 

its endogenous α-synuclein tagged with a flag, we were able to demonstrate 

the direct transfer of α-synuclein from the PD α-synuclein Flag tagged 

astrocyte to the WT neuron during a 4-week co-culture (Figs. 26; 27) which 

was not present in the WT neuron when co-cultured on the WT astrocyte 

condition. This transfer of α-synuclein, which is known to be toxic to 

dopaminergic neurons during PD, most likely is a key factor inducing 

neurodegeneration in the WT neurons, thus confirming a main role for 

astrocytes during PD pathogenesis.  

Recently, α-synuclein has been reported to play a role during inflammation-

mediated PD pathogenesis (Brück et al., 2016). α-Synuclein secreted by 

neurons has been reported to directly activate microglia inducing an 

inflammatory response during PD (Q. S. Zhang et al., 2017). These 

α-synuclein-activated microglia thus release pro-inflammatory cytokines and 

in turn activate astrocytes. Astrocytes have also been reported to have the 

capability of activating microglia (Gu et al., 2010; Schmidt et al., 2011). 

Therefore, if astrocytes also accumulate and secrete α-synuclein, they could 

contribute to the activation of microglia and trigger a cascade of 

inflammatory-mediated pathways furthering PD pathogenesis.  
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5.3 Neuroprotective Role of Astrocytes  

A link recently has been described between neuroprotection and 

neuroinflammatory response (Becerra-Calixto & Cardona-Gómez, 2017; 

Farina et al., 2007). The fact that WT astrocytes are able to rescue the 

morphological phenotype of neurodegeneration and clearance of neuronal 

α-synuclein when co-cultured with LRRK2-PD vmDA neurons validates a 

neuroprotective role (Fig. 29; 30), which the LRRK2-PD astrocytes are 

lacking (Fig. 23). An interesting observation was made when focusing on 

WT astrocytes in the co-culture LRRK2-PD neurons with WT astrocytes. 

The majority of WT astrocytes had an expected large and flat morphology 

with low GFAP signaling, however, a select few harbored a hypertrophic 

morphology with retracted processes (Fig. 32).  

What is even more striking is the fact that these hypertrophic astrocytes 

accumulated high levels of α-synuclein, suggesting a neuroprotective effect 

via activation of the WT astrocyte. mRNA expression levels of TFEB, a gene 

suggested for neuroprotection and involved in autophagy, was present in WT 

astrocytes and lacking in LRRK2-PD astrocytes (Fig. 33). Several cytokines 

and chemokines, which have been described to be pathological, also can 

mediate neuroprotection (Belmadani, Tran, Ren, & Miller, 2006; Farina et 

al., 2007; Herx, Rivest, & Yong, 2000; Mason et al., 2000; Tran & Miller, 

2003). There is a fine line between protection and harm, which can be shifted 

if a homeostatic balance is or is not maintained. Further analysis should be 

made to evaluate the exact inflammatory molecules being released, if any, by 

the WT astrocytes to validate this activation as reactivity.  
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5.4 Mutant LRRK2 and Autophagy 

Correlation between mutant LRRK2 and several pathogenic mechanisms 

linked to PD progression have been reported, including alterations in 

autophagy, accumulation of α-synuclein, and mitochondrial dysfunction 

(Orenstein et al., 2013; Sanders et al., 2014; Tong et al., 2010). In this study, 

LRRK2-PD astrocytes were found to have a mislocalization of lysosomes 

from the perinuclear area and accumulation of α-synuclein (Fig. 36-39). A 

reporter line for CMA activity enabled us to monitor CMA activity and 

revealed a low functionality in LRRK2-PD astrocytes compared to WT (Fig. 

41). Knockdown of the CMA receptor had no increase in α-synuclein levels 

in LRRK2-PD astrocytes compared to WT, revealing that this mechanism 

already was impaired (Fig. 42).  

During PD pathogenesis, mutant LRRK2 was found to directly bind 

LAMP2A, the receptor responsible for chaperone-mediated autophagy 

(CMA) normally used by both LRRK2 and α-synuclein for degradation 

(Orenstein et al., 2013). The binding of mutant LRRK2 to LAMP2A blocks 

the proper functioning of the CMA translocation complex, resulting in 

defective CMA, leading to the accumulation of α-synuclein and cell death. 

When the CMA translocation complex is blocked, the cell responds by 

producing more reactive lysosomal receptors, in an attempt to compensate 

for the dysfunction. This lysosomal hyperactivity also was reported to affect 

macroautophagic functioning since when LRRK2 kinase activity was 

inhibited in human neuroglioma cells, macroautophagy was stimulated 

(Manzoni et al., 2013).  

It is likely that the increase in intracellular levels of α-synuclein, due to its 

poor CMA degradation in LRRK2-PD astrocytes, may contribute to 
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precipitate the malfunctioning of other proteostasis mechanisms such as the 

proteasome and macroautophagy. In fact, we demonstrated that 

macroautophagy also was markedly impaired in these cells, by displaying 

higher basal levels of autophagosomes (LC3-II) and the autophagic cargo 

p62 and reduced autophagic flux (for LC3-II and p62) (Fig 46). The lower 

co-localization between the autophagosomal and lysosomal markers 

observed in LRRK2-PD astrocytes suggests that the reduced autophagic flux 

is, for the most part, due to a defect in autophagosome/lysosome fusion, 

similar to that previously described in PD neurons (Winslow et al., 2010).  

The systems that contribute to cellular and organelle proteostasis act in a 

coordinate manner in the cell, and numerous examples support the idea that 

restoration of one of these systems has a positive effect on the functioning of 

the rest of the proteostasis network(Kaushik & Cuervo, 2015). Taking into 

consideration this coordinate functioning of the proteolytic systems, and the 

fact that CMA disruption seems to occur early during the development of PD 

pathology, we attempted to restore normal α-synuclein proteostasis by 

enhancing CMA activity. Our findings in cells treated with the chemical 

activators of CMA suggest that upregulation of CMA is still possible in these 

cells and that this intervention is sufficient to return levels of α-synuclein 

close to those in control cells (Fig. 51). Reduced levels of α-synuclein in 

these cells may be due not only to its enhanced degradation by CMA, but, in 

addition, considering the large contribution of the proteasome to the 

degradation of α-synuclein in control cells, it is possible that restoration of 

CMA activity and the subsequent reduction of α-synuclein levels also will 

release the inhibitory effect of α-synuclein on the proteasome and 

macroautophagy, further contributing to the restoration of intracellular 

protein and organelle homeostasis. 
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5.5 Mutant LRRK2 and Mitochondrial Dynamics 

In alignment with the notion that protein degradation is impaired in LRRK2-

PD astrocytes, and in light of the effects mutant LRRK2 have been reported 

to cause during PD, the mitochondria were investigated. LRRK2-PD 

astrocytes displayed more fragmented mitochondria compared to WT 

astrocytes (Fig. 47; 48). It is known that mutant LRRK2 phosphorylates, and 

thus induces the recruitment of DRP1 into the mitochondria, inducing 

mitochondrial fission(X. Wang et al., 2012). Indeed, the LRRK2-PD 

astrocytes not only had a reduced protein level of VDAC channel, namely 

Porin, but also had higher levels of phosphorylated DRP1 compared to WT 

astrocytes (Fig. 50). This increased level of fission can explain the 

mitochondrial fragmentation present in our LRRK2-PD astrocytes and 

perhaps increased mitophagy.  

The exact mechanism of mitochondrial fragmentation during PD is 

unknown, however a recent study has elicited mutant LRRK2 binding a 

mitochondrial shuttling protein, Miro, thus blocking mitophagy (Hsieh et al., 

2016). In addition, α-synuclein has been reported to bind to TOM20 and 

induce mitochondrial dysfunction during PD (Di Maio et al., 2016). The 

consequent α-synuclein accumulation found in LRRK2-PD astrocytes could 

further add to already observed mitochondrial dysfunction.  

5.6 PD-Related Phenotypes in Sporadic-PD Astrocytes 

The phenotypes found in the LRRK2-PD astrocytes had been previously 

reported in vmDA neurons and fibroblasts with the LRRK2G2019S mutation, 

and here are revealed for the first time in astrocytes. Sporadic cases are, 
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however, a different story, and reveal an intermediate phenotype, which will 

require a more in-depth investigation. Without a known genetic cause, 

Sporadic-PD cases are the most numerous cases of PD, and have been under 

intensive investigation in recent years, especially in terms of genetic 

variation (Loureiro & Silva, 2017). Several genome-wide association studies 

have revealed generic risk variants for Sporadic PD, which may aid to unveil 

several hidden pathogenic mechanisms (Satake et al., 2009; Sharma et al., 

2012; Simón-Sánchez et al., 2009).  

We approached these lines by observing whether or not they display 

phenotypes similar to those related to the LRRK2-PD mutation. Astrocytic 

α-synuclein-immunoreactive inclusions already have been described to 

develop in Sporadic-PD patients, however they were never further 

investigated (Braak et al., 2007). Sporadic-PD astrocytes displayed on 

average 20-40% increased α-synuclein accumulation (Fig. 39), which, when 

compared to LRRK2-PD (100%) and WT astrocytes (0%), reveals an 

intermediate phenotype. The same observation was made in terms of 

mitochondria fragmentation. Regarding macroautophagy, Sporadic-PD 

astrocytes displayed a large similarity to LRRK2-PD astrocytes revealing 

autophagosome accumulation and mislocalization of the lysosomes from the 

perinuclear area (Fig. 45). While LRRK2-PD astrocytes have a majority of 

fragmented mitochondria (80-90%), mitochondrial fragmentation dominance 

was not as evident in Sporadic-PD patients, yet still was present (Fig. 49). 

Previous studies have observed DRP-1 mediated mitochondrial 

fragmentation in Sporadic patients (Santos, Esteves, Silva, Januário, & 

Cardoso, 2015). 

It is interesting that the phenotypes in the LRRK2-PD astrocytes have full 

penetrance and expressivity, whereas the Sporadic-PD astrocytes display a 



CHAPTER 5: DISCUSSION 

 
134 

partial effect. Depending on modifier genes, environmental factors, allelic 

variation, as well as complex genetic and environmental interactions, disease 

related phenotypes could show differences in penetrance and expressivity, 

therefore demonstrating the expression of intermediate phenotypes (Nadeau, 

2001; Riazuddin et al., 2000; Weatherall, 2001).  
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Figure 53. Astrocytes Contribute to Neurodegeneration During 
PD Pathogenesis 

 

In conclusion, this study has revealed a crucial contribution of astrocytes 

during PD pathogenesis. Patient-specific astrocytes, two from LRRK2-PD, 

two from Sporadic-PD, and two from healthy WT individuals, were 
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successfully generated and fully characterized. In parallel, vmDA neurons 

from LRRK2-PD patients and WT patients also were generated in order to 

devise a co-culture system. Both direct contact and indirect contact 

(astrocyte conditioned medium) co-cultures were performed between all 

possible patient-specific cell combinations.  

Not only were LRRK2-PD astrocytes found to induce neurodegeneration and 

to transfer astrocytic-derived α-synuclein to healthy WT neurons (both 

through direct and indirect contact), but WT astrocytes also were able to 

partially recover the observed neurodegenerative morphology and 

α-synuclein accumulation in LRRK2-PD neurons. WT astrocytes projected 

neuroprotection through the activation of inflammatory pathways, as those 

that accumulated the cleared α-synuclein had a hypertrophic morphology, 

retracted processes, and high expression of GFAP.  

Upon a more in-depth investigation, LRRK2-PD astrocytes alone displayed 

dysfunctional CMA and consequent α-synuclein accumulation, as well as a 

lowered autophagosome flux and fragmented mitochondria, compared to WT 

astrocytes. Sporadic-PD astrocytes displayed a partial phenotype similar to 

LRRK2-PD astrocytes, which may be explained by several external factors 

affecting phenotypic penetrance and expressivity. A CMA activator drug, 

QX77.1, was able to rescue the accumulated α-synuclein and restore the 

lysosomes around the perinuclear area in LRRK2-PD astrocytes, suggesting 

a potential astrocyte-targeted therapeutic. These results open the door for 

non-cell autonomy during PD pathogenesis and can serve as a platform to 

further investigate potential therapies targeted directly at glia cells.  
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Summary 

Parkinson’s disease (PD) is associated with the degeneration of ventral 

midbrain dopaminergic (vmDA) neurons and the accumulation of toxic 

alpha-synuclein. Numerous observational studies have suggested a non-cell 

autonomous contribution, in particular of astrocytes, during PD 

pathogenesis; however, such studies remain to be experimentally tested. 

Here, we generated astrocytes from iPSC-derived familial mutant 

LRRK2G2019S PD patients (LRRK2-PD), as well as healthy age matched 

individuals (WT). Upon co-culture, WT vmDA neurons co-cultured on top 

of PD astrocytes displayed morphological signs of neurodegeneration and 

abnormal, astrocyte-derived, α-synuclein accumulation. Conversely, the 

appearances of disease-related neurodegenerative phenotypes were partially 

prevented in LRRK2-PD vmDA neurons when co-cultured with WT 

astrocytes. PD astrocytes displayed phenotypes reminiscent of those 

observed in PD-iPSC-derived vmDA neurons including alterations in 

autophagy and a progressive accumulation of α-synuclein. Our findings 

unveil a crucial non-cell autonomous contribution of astrocytes during PD 

pathogenesis, and open the path to exploring novel therapeutic strategies.  

 

 

Keywords: iPSC, Parkinson’s disease, non-cell autonomous, astrocytes, 

alpha-synuclein  
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Introduction 

Parkinson´s disease (PD) is the most prevalent movement disorder and second most chronic 
neurodegenerative disease after Alzheimer´s disease affecting seven to 10 million people 
worldwide (Collaborators, 2015). The main motor symptoms observed in patients with PD 
include resting tremor, bradykinesia, postural instability, and severe muscle rigidity. PD is 
characterized by a significant loss of ventral midbrain dopaminergic neurons (vmDAn) in 
the substantia nigra pars compacta and consequent reduction of dopamine. The presence of 
intracellular protein aggregates of the toxic insoluble oligomeric form of α-synuclein 
(encoded by the SNCA gene), forming part of large structures, known as Lewy Bodies 
(Greenamyre & Hastings, 2004), in the surviving vmDAn as well as in both astrocytic and 
oligodendroglial cells, is a hallmark of PD. The number of inclusions in glial cells usually 
correlates with the severity of nigral neuronal loss, thus indicating that abnormal 
accumulation of α-synuclein in glial cells is a pathological feature of PD related to its 
progression (Wakabayashi et al., 2000). In addition, microglial activation and an increase in 
astroglia and lymphocyte infiltration also occur in PD (Glass et al., 2010). 

Despite significant advances in the identification of genes and proteins involved in PD, there 
are still appreciable gaps in our understanding of the mechanisms underlying the chronic 
neurodegenerative process in this disease (Melrose et al., 2006; Dawson et al., 2010). Most 
PD cases are sporadic (85%), but familial mutations are accountable for 15% of patients 
(Lill, 2016). Mutations in the gene encoding leucine-riche repeat kinase 2 (LRRK2), causing 
an autosomal dominant form of PD, account for 5% of familial cases and 2% of sporadic 
cases (Gilks et al., 2005; Nichols et al., 2005). LRRK2 is a highly complex protein with both 
GTPase and kinase functions with multiple enzymatic domains. It has been reported to be 
involved in mitochondrial function, vesicle trafficking together with endocytosis, retromer 
complex modulation and autophagy (Cherra et al., 2013; Orenstein et al., 2013; Su et al., 
2015). With its main roles still elusive, mutations affecting the protein kinase domain of 
LRRK2 (such as the most prevalent LRRK2G2019S mutation) have been reported to 
significantly increase kinase activity (Covy & Giasson, 2009). 

Correlation between mutant LRRK2 and several pathogenic mechanisms linked to PD 
progression have been reported, including alterations in autophagy and accumulation of α-
synuclein. During PD pathogenesis, mutant LRRK2 was found to directly bind LAMP-2A, 
the receptor responsible for chaperone-mediated autophagy (CMA) normally used by both 
LRRK2 and α-synuclein for degradation (Orenstein et al., 2013). This binding blocks the 
proper functioning of the CMA translocation complex, resulting in defective CMA leading 
to the accumulation of α-synuclein and cell death. When the CMA translocation complex is 
blocked, the cell responds in producing more reactive lysosomal receptors, trying to 
compensate for the dysfunction. This lysosomal hyperactivity was also reported to affect 
macroautophagic functioning. When LRRK2 kinase activity was inhibited in human 
neuroglioma cells, macroautophagy was stimulated (Manzoni et al., 2013).  

 

Induced pluripotent stem cells (iPSC), when generated from patients of genetic conditions, 
can be exploited to create genuinely human experimental models of human diseases(Zeltner 
& Studer, 2015). In the case of PD, previous studies by our groups and others have 
generated iPSC from patients of PD associated to LRRK2 mutations, and described the 
appearance of disease-specific phenotypes in iPSC-derived neurons, including impaired 
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axonal outgrowth and deficient autophagic vacuoles clearance (Nguyen et al., 2011; 
Reinhardt et al., 2013; Sánchez-Danés et al., 2012). Moreover, DAn from LRRK2-mutant 
patient-specific iPSC displayed alterations in CMA that were, at least in part, responsible for 
the abnormal accumulation of α-synuclein observed in these cells, which predated any 
morphological signs of neurodegeneration (Orenstein et al., 2013).  

Studies investigating PD pathogenesis have been mostly focused on the mechanisms 
underlying vmDAn degeneration and death. However, there is evidence of astrocytes up-
taking and accumulating α-synuclein during PD through post-mortem analysis(Braak et al., 
2007; Wakabayashi et al., 2000). Altered α-synuclein released by axon terminals in the 
surrounding synapses is taken up by astrocytes, supporting the hypothesis of the spread of α-
synuclein through neuron-astrocyte interactions (Braak et al., 2007; H. J. Lee et al., 2010). 
Overexpression of mutant SNCA in primary astrocytes altered their normal functioning and 
impaired proper blood-brain barrier control, glutamate homeostasis, and eventually resulted 
in a significant loss of vmDAn (Gu et al., 2010). In a different study also overexpressing 
mutant α-synuclein in PD mice, astrocytes were found to have altered mitochondria and a 
reduced secretion of factors fundamental to neuronal survival (Schmidt et al., 2011). 
Furthermore, uptake of neuronal-derived or recombinant α-synuclein by both primary and 
human astrocytes were observed to result in impaired mitochondrial function (Braidy et al., 
2013; H. J. Lee et al., 2010). These findings suggest that α-synuclein accumulation in 
astrocytes may be of great importance to the initiation of PD (reviewed in (Brück et al., 
2016)). Nevertheless, the main roles of astrocytes during the progression and development 
of PD pathogenesis still remain elusive. 

In the present studies, we generated patient-specific iPSC-derived astrocytes and vmDAn 
from PD patients with LRRK2G2019S mutation, as well as from healthy individuals. We 
consistently generated a population of human vmDAn in vitro that expressed postmitotic 
dopaminergic markers and fired action potentials. Subsequently, we co-cultured healthy 
iPSC-derived vmDAn with iPSC-derived astrocytes expressing the mutated form of LRRK2 
associated to PD. In our co-cultures, we detected a specific decrease in the number of 
vmDAn in the presence of LRRK2-mutated astrocytes, which correlated well with the 
abnormal accumulation of α-synuclein. Conversely, WT astrocytes were able to partially 
rescue disease-related phenotypes in LRRK2-PD neurons when co-cultured together, 
suggesting LRRK2-PD astrocytes are lacking neuroprotective functions found in the WT 
astrocytes. A more in-depth investigation revealed PD-related phenotypes, such as impaired 
autophagic components, as well as a progressive accumulation of α-synuclein in LRRK2-PD 
astrocytes, compared to healthy controls. Moreover, by treating the cells with an activator of 
CMA, we were able to prevent the α-synuclein accumulation. Together, this data represents 
a first direct indication that astrocytes play a role during PD pathogenesis and may have 
broad implications for future intervention in early stages of PD. 

Results 

Generation and characterization of iPSC-derived patient specific astrocytes 

Using a previously published protocol (Serio et al., 2013), astrocyte-like cells were 
successfully differentiated from iPSC lines representing four independent individuals: two 
from PD patients carrying the LRRK2G2019S mutation (SP12-iPSC and SP13-iPSC) and two 
healthy age-matched controls (Ctr-SP17 and Ctrl-SP09). All iPSC-derived astrocytes were 
fully characterized through immunocytochemistry (ICC) using the appropriate markers (Fig. 
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1A). Cells positively stained for astrocyte progenitor markers CD44 when at the progenitor 
level. Once reaching complete astrocyte identity and maturity, the cells were further 
characterized by positively staining for astrocyte maturity marker S100 calcium-binding 
protein β (S100β), as well as excitatory amino acid transporter 2 (EAAT2 also known as 
GLT1). Additional markers including general neuronal marker TUJ1, neuronal maturity 
marker MAP2, and oligodendrocyte marker NG2 were negatively stained. The vast majority 
(85-90%) of the cells expressed astrocytic marker glial fibrillary acidic protein (GFAP), 
indicating a highly pure population of iPSC-derived astrocytes (Fig. 1C; Fig. S1).  

Quantitative RT- PCR was performed in parallel revealing mRNA expression of astrocyte 
endfeet marker aquaporin4 in both control and LRRK2-PD astrocytes (Fig. 1B; Fig. S1). 
These results were consistent for all PD and non-PD astrocytes. After the full 
characterization of LRRK2-PD and non-PD human astrocytes, differences between the 
control and PD astrocytes were investigated. We determined the functional maturation of the 
hiPSC-derived astrocytes using FLUO-4AM calcium indicator (Fig. 1D, E; Fig. S1). Ca2+ 
recordings from PD and non-PD astrocytes showed a heterogeneous pattern of calcium 
fluctuations under basal conditions, revealing functionality. Finally, control and LRRK2-PD 
astrocytes produced similar levels of ATP (Fig. 1F; Fig. S1), further supporting the 
successful generation of functionally equivalent astrocyte-like cells from both groups.  

Generation of vmDA neurons and set up of neuron-astrocyte co-culture system 

A newly devised co-culture system was created (Fig. 2A) to evaluate glial contribution 
during PD. Neurons were generated using a combination of two previously published 
protocols and fully characterized(Chambers et al., 2009; Kriks et al., 2011). After 80 days 
under differentiation conditions, the cells expressed neuronal markers such as MAP2, and 
vmDAn lineage markers tyrosine hydroxylase (TH), FOXA2, and G protein- activated K+ 
channel (GIRK2) (Fig. S2). Neuronal cultures typically comprised approximately of 30% 
TH positive neurons, and within that population, 30% were TH/FOXA2, and 60% were 
TH/GIRK double positive cells (Fig. S2). These neurons were determined functional 
through successful generation of Ca2+ fluctuation waves (Fig. S2). The co-culture system 
was efficacious and astrocytes were able to allow for the proper maturation of TH neurons 
and glutamate exchange through GLT1 expression (Fig. 2B), as well as promote neuronal 
synapse formation (Fig. 2C) and an overall healthy neuronal network comprised of MAP2 
positive cells (Fig. 2D).  

 

WT iPSC-derived vmDA neurons show morphological signs of neurodegeneration when co-
cultured with LRRK2-PD astrocytes  

We then examined the effects of astrocytes expressing mutated LRRK2 on the survival of 
WT iPSC-derived vmDA neurons upon co-culture (Fig. 3A). After 2 weeks of culture with 
PD astrocytes, WT vmDA neurons started to show some signs of aberrant morphology (Fig. 
S3). We detected a decrease of 50% of TH positive cells (Fig. S3) compared to ones 
cultured with WT astrocytes Fig. S3). After four weeks in co-culture, WT vmDAn on the 
top of WT astrocytes developed many arborizations comprised of several long smooth 
neurites forming complex networks (Fig. 3B). In contrast, WT neurons placed on LRRK2-
PD astrocytes for 4-weeks rarely formed more than 2 neurites, some displaying overt signs 
of neurodegeneration (short/few arborizations and beaded-necklace neurites) (Fig. 3C), and 
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were overall lower in number (TH/DAPI) compared to when on healthy astrocytes (Fig. 
3H). Upon performing Sholl analysis, when WT neurons were co-cultured on the top of WT 
astrocytes neurons averaged around 10 neurite intersections per neuron with a neurite length 
reaching 280 microns (Fig. 3D; Fig. S3). In contrast, when WT neurons were cultured with 
LRRK2-PD astrocytes, neurons barely reached two neurite intersections per neurons with a 
maximum neurite length of 100 microns (Fig. 3D; Fig. S3).  

WT vmDAn when co-cultured on LRRK2-PD astrocytes were comprised of 35-fold more 
TH neurons with neurodegenerative phenotypes compared to when on WT astrocytes (Fig. 
3E). Interestingly, this neurodegeneration was TH specific as MAP2/DAPI positive cell 
numbers were maintained at similar levels in both conditions. (Fig. 3I; Fig. S3). Viability 
tests of both WT and LRRK2-PD astrocytes at 2 and 4-weeks were performed revealing 
highly similar values, indicating that neurodegenerative signs displayed by WT vmDAn 
were not caused by the PD astrocytes dying (Fig. 3M; Fig. S3). 

WT vmDA neurons accumulate α-synuclein when co-cultured with LRRK2-PD astrocytes 

α-Synuclein was barely detectable in the cytoplasm of WT vmDAn when co-cultured with 
WT astrocytes (Fig. 3F). Apart from displaying morphological neurodegenerative 
phenotypes and a lack of complex neuronal networks, WT vmDAn were also found to 
accumulate α-synuclein when co-cultured with LRRK2-PD astrocytes after 4 weeks (Fig. 
3G). Notably, while WT astrocytes had no or low levels of α-synuclein (Fig. 3K), PD 
astrocytes displayed high levels of α-synuclein when co-cultured with WT neurons (Fig. 
3L). WT vmDAn positive for α-synuclein accumulation were 47% more when co-cultured 
on LRRK2-PD astrocytes compared to when on WT astrocytes (Fig. 4J). Around 100% of 
LRRK2-PD astrocytes expressed high levels of α-synuclein compared to co-cultures with 
WT astrocytes (Fig. 4N). In order to directly visualize whether or not α-synuclein was 
spread from the PD astrocyte to the WT neuron, α-synuclein-flag tagged astrocyte lines were 
newly generated and fully characterized (Fig. 3O; Fig. S3). Indeed, the tagged α-synuclein 
in the PD astrocytes was directly transferred to the WT neurons and accumulated (Fig. 3P, 
Q), which was not present when WT vmDAn were co-cultured with WT astrocytes. The 
presence of α-synuclein in WT iPSC-derived vmDAn cell body and major processes were 
confirmed by z-section of confocal imagining. In addition to co-culturing cells with direct 
glia-neuron contact, we also tested the effect of supplying WT neurons with medium 
conditioned by WT or PD astrocytes (Fig. 3P). α-synuclein was also accumulated in WT 
neurons cultured with PD astrocyte-conditioned medium (Fig. S3). The effect of astrocyte-
conditioned medium on TH/DAPI number revealed a degenerative morphology and α-
synuclein accumulation in 100% of TH neurons when cultured with PD astrocyte medium 
compared to WT astrocyte medium conditions (Fig. S3).  

LRRK2-PD neurons restore arborized morphology when co-cultured with WT astrocytes 

In order to test whether the neurodegeneration could be rescued or prevented by healthy 
astrocytes, we co-cultured vmDA neurons derived from patients carrying the G2019S 
mutation on the LRRK2 gene with both WT and LRRK2-PD astrocytes (Fig. 4A). LRRK2-
PD neurons alone (data not shown) show signs of neurodegeneration as early as 50 days of 
differentiation and accumulate α-synuclein in the soma when cultured with medium without 
factors. These LRRK2-PD neurons alone barely reach the 80 day time-point when cultured 
without factors, however, in order to visualize a phenotype, the factors had to be removed. 
After a 4-week co-culture, LRRK2-PD neurons showed a recovered neurite number and 
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complex neurite arborization when co-cultured on WT astrocytes  (Fig. 4C) as opposed to 
when cultured with LRRK2-PD astrocytes  (Fig. 4B). Sholl analysis revealed the average 
LRRK2-PD neuron whilst on WT astrocyte harboring maximum five neurite intersections 
per neuron with a neurite length reaching 180 microns (Fig. 4D). Whereas LRRK2-PD 
neurons when co-cultured with LRRK2-PD astrocytes never reach more than two neurite 
intersections per neuron with a maximum neurite length of 100 microns (Fig. 4D). When 
comparing the rescued LRRK2-PD neuron neurite intersection number created by co-
culturing with WT astrocytes, (average of five neurite intersections per neuron) with the 
condition of WT neuron on WT astrocyte (average of ten neurite intersections per neuron), 
there is still a large difference, however, the difference between LRRK2-PD neuron on WT 
astrocyte (average of five neurite intersections per neuron) compared to LRRK2-PD 
astrocyte (average of two neurite intersections per neuron) is statistically significant.  

PD neurons have less accumulated alpha-synuclein when co-cultured with WT astrocytes 

Levels of α-synuclein were also diminished in LRRK2-PD neurons when co-cultured with 
WT astrocytes compared to when co-cultured with LRRK2-PD astrocytes after 4 weeks 
(Fig. 4E). LRRK2-PD neurons on the top of WT astrocytes reach 25% TH/DAPI after two 
weeks in culture compared to when on LRRK2-PD astrocytes at 12% (Fig. 4F). After 4 
weeks in culture LRRK2-PD neurons on the top of WT astrocytes increase to 45% 
TH/DAPI compared to when on LRRK2-PD astrocytes there is a decrease to 6% (Fig. 4H). 
Overall MAP2 positive cells (normalized to DAPI) are similar in number when LRRK2-PD 
neurons are co-cultured with WT and LRRK2-PD astrocytes, revealing the fluctuation in 
cell number is TH specific (Fig. 4G). Most WT astrocytes when co-cultured with LRRK2-
PD neurons adopted a flat morphology with low levels of alpha-synuclein, however, a select 
few harbored a hypertrophic morphology with retracted processes which accumulated alpha-
synuclein (Fig. 4I).  

 

Dysfunctional chaperone mediated autophagy and progressive α-synuclein accumulation in 
LRRK2-PD astrocytes  

Since LRRK2-PD astrocytes displayed higher levels of α-synuclein compared to controls, 
we next investigated possible differences in α-synuclein turnover in these cells. α-synuclein 
has previously shown to undergo degradation both by the ubiquitin/proteasome system and 
by autophagy (Cuervo et al., 2004; Webb et al., 2003), thereforeα-synuclein flux in the 
presence of lysosomal and proteasome inhibitors (Leupeptin 100µM and Lactacystin 5µM, 
respectively) was evaluated in control and LRRK2-PD astrocytes at 14 days (Fig. 5F). 
Treatment with the inhibitors revealed a 20% increase of α-synuclein after a 12-hour 
Leupeptin treatment  (p<0.05), and 65% after 2-hour Lactacystin treatment (p<0.01) in WT 
cells, whereas α-synuclein levels remained unchanged upon addition of both inhibitors in the 
LRRK2-PD astrocytes (Fig. 5G). These findings suggest major alterations in α-synuclein 
proteostasis due to poor degradation by both proteasome and lysosomal systems p62 protein 
levels increased in controls after inhibitor treatment whereas in the LRRK2-PD it decreased 
(Fig. S4).  

Degradation of α-synuclein in lysosomes occurs in large extent through chaperone-mediated 
autohagy (CMA)(Cuervo et al., 2004; Martinez-Vicente et al., 2008). To investigate possible 
changes in CMA in LRRK2-PD astrocytes, we first stained at 6 and 14 days for both α-
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synuclein and LAMP2A, the receptor for CMA (Fig. 5A). The control astrocytes showed 
LAMP-2A in the perinuclear area (perinuclear lysosomal positioning occurs during CMA 
activation(Kiffin, 2004)) and low basal levels of α-synuclein at both 6 and 14 days. In 
contrast, LRRK2-PD astrocytes displayed LAMP-2A positive vesicles all around the cell 
body as early as 6 days, which continued to be present after 14 days. Moreover, higher α-
synuclein levels were confirmed in LRRK2-PD iPSC-derived astrocytes after 14 days of 
culture, compared to control (Fig. 5A; Fig. S4). Interestingly, this accumulation was not 
present after 6 days of culture, suggesting progressive α-synuclein accumulation over the 
14-day time-point. Co-localization analyses of α-synuclein with the LAMP-2A receptor 
revealed a positive co-localization that was higher in LRRK2-PD iPSC-derived astrocytes 
(Fig. 5B; Fig. S4). CMA substrates are usually rapidly internalized and degraded inside 
lysosomes, but we have previously described a similar persistent association of α-synuclein 
with LAMP-2A positive lysosomes in PD models due to blockage in α-synuclein 
translocation inside lysosomes(Orenstein et al., 2013). These findings suggest thus a similar 
CMA blockage in the LRRK2-PD astrocytes at the receptor level. Also supportive of 
reduced α-synuclein degradation, western blot analysis confirmed a higher monomeric 
protein level of α-synuclein in the LRRK2-PD mutant compared to controls (p<0.01, Fig. 
5C, D). By using an antibody that detects specifically oligomeric α-synuclein, we were able 
to detect other pathogenic forms of α-synuclein in the LRRK2-PD astrocytes (Fig. S6), 
which were similar to those of PD post mortem brain.  

CMA activity was monitored using a photoactivatable CMA reporter KFREQ-Dendra (Koga 
et al., 2011) in both control and LRRK2-PD astrocytes for 52 hours after photoactivation 
(Fig. 5E). KFREQ-Dendra is present in the cytosol (diffuse fluorescent pattern) but as it is 
delivered to lysosomes via CMA it changes to a fluorescent punctate pattern. The WT 
astrocytes displayed this puncta indicative of functional CMA, whereas the signal in the 
LRRK2-PD astrocytes remained diffused in the cytosol suggestive of an inactive CMA. 

To investigate the contribution of the defect in CMA to the progressive accumulation of α-
synuclein in the LRRK2-PD astrocytes, we next performed a knockdown of LAMP-2A 
using lentiviral-mediated shRNA targeting and silencing the LAMP-2A gene (shLAMP-2A) 
and in parallel an shRNA targeting the Luciferase gene (shLuc) as a control (Fig. 5H). The 
shLuc control astrocytes displayed an expected low level of α-synuclein, whereas after 
shLAMP-2A transduction, there was a highly significant 2.5-fold increase comparable to the 
levels observed in LRRK2-PD astrocytes (p<0.001) in α-synuclein puncta (Fig. 5I, J). 
Knockdown of LAMP-2A did not changed α-synuclein puncta levels in the LRRK2-PD 
astrocytes further suggesting defective CMA for α-synuclein in these cells. 

Impaired macroautophagy in LRRK2-PD astrocytes 

Cells often respond to blockage in CMA by upregulating other autophagic pathways such as 
macroautophagy(A. C. Massey et al., 2006; Schneider et al., 2015), however, altered 
macroautophagy has also been reported in the context of PD (Sánchez-Danés et al., 2012; 
Winslow et al., 2010). To investigate the status of macroautophagy, lysosomal marker 
LAMP1, autophagosome marker LC3, astrocyte marker GFAP and nuclear DAPI were used 
during ICC on WT and LRRK2-PD astrocytes at both 6- and 14 days (Fig. 6A; Fig. S5). In 
the controls, there was lysosomal LAMP1 staining in the perinuclear area and very few 
visible autophagasomes both at 6 and 14 days. In the LRRK2-PD astrocytes, as for LAMP-
2A, LAMP1 positive vesicles loss the preferable perinuclear distribution and were found 
throughout the entire cell. In addition, there was a marked increase in autophagosome 
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number (LC3 positive vesicles) starting as early as 6 days that continued increasing 
throughout the 14-day time-point. Most of the accumulated autophagosomes in the LRRK2-
PD astrocytes did not co-localize with the LAMP1 lysosomes (Fig. 6B; Fig. S5), suggesting 
that persistence of autophagosomes in these cells was due to their poor clearance by 
lysosomes. 

In agreement with the fluorescence studies, basal LC3 II levels were found to be higher in 
LRRK2-PD astrocytes compared to controls (mean ± s.e.m, t test, * p<0.05) through WB 
analysis (Fig. 6C). LC3 flux (measured as the increase in LC3-II levels upon blockage of 
lysosomal proteolysis with Leupeptin (100µM) and NH4Cl (20mM)), was significantly 
reduced in the LRRK2-PD astrocytes compared to controls (p<0.001, Fig. 6D, E). Lastly, 
basal p62 levels were higher in the LRRK2-PD astrocytes compared to controls (p<0.05, 
Fig. 6F, G) and degradation of this macroautophagy receptor was also severely impaired in 
these cells (Fig.  S5). Overall these findings suggest that severe alterations in both 
autophagic pathways, CMA and macroautophagy, contribute to the altered α-synuclein 
proteostasis observed in LRRK2-PD astrocytes. 

Restoration of α-synuclein proteostasis in LRRK2-PD astrocytes 

Intracellular accumulation of α-synuclein has been shown to contribute to cellular toxicity in 
PD and to further disrupt functioning of cellular proteostasis systems (reviewed in 
(Abeliovich & Gitler, 2016)). We next investigated whether α-synuclein accumulation in 
LRRK2-PD astrocytes could be ameliorated by enhancing lysosomal activity. LRRK2-PD 
astrocytes were treated with a novel CMA activator drug QX77 (derived from the original 
AR7 ref) with a concentration of 20µM for 5 days and levels of α-synuclein were analysed 
by immunofluorescence (Fig. 7). LAMP2A positive lysosomes, in LRRK2-PD astrocytes 
treated with the CMA activator  (p<0.001, Fig. 7C, E) recovered the perinuclear distribution 
observed in control cells (Fig. 7A) compared to when not treated (Fig. 7B), suggesting re-
activation of CMA in these cells. Consistent with higher CMA activity, QX77-treated cells 
had significantly lower α-synuclein content than untreated cells (p<0.001, Fig. 7C, D). 
These findings suggest that although multiple protein degradation pathways fail to 
efficiently degrade α-synuclein in LRRK2-PD cells, re-activation of one of these pathways, 
in our case CMA, is enough to restore normal α-synuclein proteostasis.  

Discussion 

The purpose of this study was to evaluate the possible pathological contributions of 
astrocytes during PD using patient-specific iPSC-derived cells recapitulating PD-related 
disease phenotypes. LRRK2-PD astrocytes from two patients carrying the GS2019S 
mutation on the LRRK2 gene, as well as two healthy control lines were successfully 
generated using a previously published protocol and fully characterized. In addition, vmDA 
neurons from WT patients were also generated to co-culture with the astrocytes.  

Once having co-cultured healthy WT vmDAn on both WT and LRRK2-PD astrocytes, a 
clear affect was evident. When healthy WT neurons were co-cultured with PD astrocytes, 
they did not develop complex smooth arborizations as when on WT astrocytes, but rather 
shorter and fewer neurites, as well as a select number adopting neurodegenerative 
characteristics, such as beaded-necklace neurites, as well as short and few neurites (Fig. 3), 
which indicates a neurotoxic affect of the PD astrocytes on the WT neurons. In addition, 
overall TH cell number diminished when WT vmDA neurons were co-cultured on LRRK2-
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PD astrocytes compared to on WT astrocytes at both 2- (Fig. S3) and 4-week time-points 
(Fig. 3H). When WT vmDA neurons were co-cultured with LRRK2-PD astrocytes they 
displayed a 35-fold increase of TH with a degenerative morphology and 45% increase of 
TH/α-synuclein double positive cells, compared to when cultured on WT astrocytes (Fig. 
3E). The viability of both WT and LRRK2-PD astrocytes were similar, meaning that the 
degenerative effects on the neurons were not caused by a dying astrocyte (Fig. 3M; Fig. 
S3), however, most likely due to other toxic molecules, which have not yet been detected. 
This evidence supports the fact that there are factors that come from the LRRK2-PD 
astrocytes that affect neuronal differentiation and survival, and more importantly are 
targeting only the dopaminergic neuronal population (Fig. 3I, Fig. S3).  

In addition to WT vmDA neurons harboring neurodegenerative phenotypes when co-
cultured with LRRK2-PD astrocytes (Fig. 3C), α-synuclein accumulation was also evident 
(Fig. 3G). There was an overall increase in α-synuclein levels in the entire co-culture with 
the LRRK2-PD astrocytes compared to ones with WT astrocytes. After taking a closer look, 
we identified that LRRK2-PD astrocytes themselves also contained high levels of α-
synuclein compared to WT astrocytes in the co-culture condition (Fig. 3L). After having 
developed astrocyte lines that have α-synuclein tagged with a flag (Fig. 3O, Fig. S3), we 
were able to demonstrate the direct transfer of α-synuclein from the PD α-synuclein Flag 
tagged astrocyte to the WT neuron during a 4-week co-culture (Fig. 3P, Q), which was not 
present in the WT neuron on WT astrocyte condition. This transfer of α-synuclein, which is 
known to be toxic to dopaminergic neurons during PD, is most likely a key factor inducing 
neurodegeneration in the WT neurons, thus confirming a main role for astrocytes during PD 
pathogenesis.  

The fact that WT astrocytes are able to rescue the morphological phenotype of 
neurodegeneration and clearance of neuronal alpha-synuclein when co-cultured with 
LRRK2-PD vmDA neurons validates a neuroprotective role (Fig. 4C), which the LRRK2-
PD astrocytes are lacking (Fig. 4B). An interesting observation was made when focusing on 
WT astrocytes in the co-culture LRRK2-PD neurons with WT astrocytes. The majority of 
WT astrocytes had an expected large and flat morphology with low GFAP signalling, 
however, a select few harboured a hypertrophic morphology with retracted processes (Fig. 
4I). What is even more striking is the fact that these hypertrophic astrocytes accumulate high 
levels of alpha-synulcein, suggesting a neuroprotective affect via activation of the WT 
astrocyte. Further analysis should be made to evaluate the exact inflammatory molecules 
being released, if any, by the WT astrocytes to validate this activation as reactivity.  

Considering our PD astrocytes come from patients who harbor the G2019S mutation on the 
LRRK2 gene, we investigated whether or not disease specific phenotypes related to the 
mutation, were present. The α-synuclein accumulation in our co-culture system lead us to 
believe there would be a disruption in the way α-synuclein is usually degraded in the PD 
astrocyte. Degradation of α-synuclein has been shown to occur by both proteasome and 
autophagic pathways, and conversely, high levels of α-synuclein have demonstrated to be 
toxic for both systems(Tanaka et al., 2001; Webb et al., 2003; Winslow et al., 2010). Here 
we found that degradation of α-synuclein both by proteasome and lysosomes was severely 
inhibited in LRRK2-PD astrocytes (Fig. 5G). We have previously described in neurons 
derived from Parkinson’s disease patients that one of the early events in the dysfunction of 
the proteostasis systems in these cells is the disruption of CMA by mutant LRRK2 binding 
to the receptor for CMA, LAMP-2A, thus causing the accumulation of α-synuclein 
(Sánchez-Danés et al., 2012). Our studies demonstrate that CMA is also altered in LRRK2-
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PD astrocytes as lysosomes lose their perinuclear location (typically associated to higher 
CMA activity) and they display lower levels of the artificial CMA substrate in lysosomes. 
As in the case of PD neurons, CMA disruption seems to be due to reduced lysosomal 
internalization of α-synuclein, that remains instead associated with the lysosomal surface 
(higher α-synuclein association with LAMP-2A positive vesicles) (Fig. 5B). The lack of an 
additive effect of LAMP-2A knock-down in α-synuclein levels in LRRK2-PD astrocytes 
confirmed that α-synuclein degradation by CMA in these cells was almost completely 
abolished. 

It is likely that the increase in intracellular levels of α-synuclein due to its poor CMA 
degradation in LRRK2-PD astrocytes, may contribute to precipitate malfunctioning of other 
proteostasis mechanisms such as the proteasome and macroautophagy. In fact, we 
demonstrated that macroautophagy was also markedly impaired in these cells, by displaying 
higher basal levels of autophagosomes (LC3-II) and the autophagic cargo p62 (Fig. 6A-C, 
Fig. S5) and reduced autophagic flux (for LC3-II and p62) (Fig 6D, E; Fig. S5). The lower 
co-localization between the autophagosomal and lysosomal markers observed in LRRK2-PD 
astrocytes suggest that the reduced autophagic flux is, for the most part, due to a defect in 
autophagosome/lysosome fusion, similar to the one previously described in PD neurons 
(Winslow et al., 2010).  

The systems that contribute to cellular and organelle proteostasis act in a coordinate manner 
in the cell, and numerous examples support that restoration of one of these systems has a 
positive effect in the functioning of the rest of the proteostasis network (Kaushik & Cuervo, 
2015). Taking into consideration this coordinate functioning of the proteolytic systems and 
the fact that CMA disruption seems to occur early during the development of PD pathology, 
we attempted to restore normal α-synuclein proteostasis by enhancing CMA activity. Our 
findings in cells treated with the chemical activators of CMA suggest that upregulation of 
CMA is still possible in these cells and that this intervention is sufficient to return levels of 
α-synuclein close to those in control cells (Fig. 7). Reduced levels of α-synuclein in these 
cells may be due not only to its enhanced degradation by CMA, but in addition, considering 
the large contribution of the proteasome in the degradation of α-synuclein in control cells, it 
is possible that restoration of CMA activity and the subsequent reduction of α-synuclein 
levels, will also release the inhibitory effect of α-synuclein on the proteasome and 
macroautophagy, further contributing to restore intracellular protein and organelle 
homeostasis. 

From this study we can confirm that astrocytes play a crucial role during Parkinson’s 
disease. PD-specific phenotypes specifically related to dysfunctions in the pathways of 
protein degradation have been observed in LRRK2-PD astrocytes and not in WT astrocytes. 
Dysfunctional CMA, progressive α-synuclein accumulation and glia to neuron transfer 
found in our LRRK2-PD astrocytes are all aspects that can compromise neuronal survival 
during PD pathogenesis. It would be useful to test which other factors are being secreted or 
omitted by the LRRK2-PD astrocytes in future studies to evaluate exactly what is triggering 
this degeneration. iPSC technology allows for the proper recapitulation of patient-specific 
disease related phenotypes, which will aid in the discovery of new therapies.  
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Statistical Analysis. Statistical analyses of the obtained data was performed using two-
tailed unequal variance Student t-tests (* p<0.05, ** p<0.01, *** p<0.001) and the mean and 
standard error of the mean were plotted using Microsoft Excel (Mac OsX). 
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Figure Legends 

Figure 1. iPSC-derived patient specific astrocyte generation and characterization (A) 
Representative images of two control lines and two LRRK2-PD lines staining positive for 
astrocytic markers CD44 (precursor), GFAP (general astrocytes), and S100β (mature 
astrocytes), GLT1 (excitatory amino acid transporter 2) and negative or low expression for 
TUJ1 (immature neuron), no MAP2 (mature neuron) nor NG2 (oligodendrocytes) 
expression (n = 3). Scale bar 100µm. (B) qRT-PCR revealing mRNA expression levels of 
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astrocitic end-feet marker Aquaporin 4 in both WT and LRRK2-PD lines and not present in 
fibroblasts. (C) Astrocyte cultures are approximately composed of 90% astrocytes, 8% 
neurons and 2% other (n = 3). (D, E) Graph representing single functional astrocyte calcium 
waves of WT (SP09) line and LRRK2-PD (SP13) astrocytes (n = 2). (F) Graph plotting 
functional ATP production luminescence (counts) in both WT (SP09) and LRRK2-PD 
(SP13) astrocytes (n = 3), differences are non-significant (mean ± s.e.m, unpaired two-tailed 
Student’s t-test, n.s.). 

Figure 2. vmDA neuron generation and co-culture set up (A) Diagram of co-culture 
system. (B) Representative images of 4-week co-culture staining positive for WT vmDA 
neurons (TH), WT astrocytes (GFAP) and nuclear DAPI. Scale bar 20 µm. (C) 
Representative images of pre-synaptic marker, Synapsin I of a WT vmDA neuron (TH) on 
the top of WT astrocytes at 4 weeks. Scale bar 20 µm. (D) Representative images of WT 
vmDA neuron (TH) and mature neurons (MAP2) on the top of WT astrocytes (GFAP) 
during a 4-week co-culture. Scale bar 20µm. 

Figure 3. WT neurons show signs of neurodegeneration and accumulate alpha-
synuclein when co-cultured with PD astrocytes. (A) Scheme representing co-culture 
system of WT neurons on the top of both WT and PD astrocytes for 4-weeks. Representative 
images of WT neurons, TH, on WT astrocytes (B) and LRRK2-PD astrocytes (C) for 4-
week co-cultures. (D) Graph representing Scholl analysis of number of neurite intersections 
per neuron on average for WT neurons when co-cultured on WT astrocytes or PD astrocytes 
for 4 weeks (n = 3, total neurons counted = 40). (E) Graph plotting fold increase of TH with 
degenerative morphology during a 4-week co-culture on either WT or LRRK2-PD 
astrocytes normalized to total TH. Representative images of WT vmDAn (TH) and alpha-
synuclein (SNCA) when co-cultured with both WT (F) and LRRK2-PD (G) astrocytes after 
4 weeks in culture, scale bar 0.2µm. (H) Graph representing TH/DAPI WT neuron count 
when co-cultured with WT or LRRK2-PD astrocytes at 4 weeks (fold change normalized to 
WT condition, n = 3, total neurons counted = 1160). (I) MAP2/DAPI count in co-cultures on 
WT and LRRK2-PD astrocytes (n = 2, total neurons counted = 3583). (J) Graph plotting 
SNCA positive TH in both co-culture conditions. Representative images of GFAP either for 
WT astrocytes (K) or LRRK2-PD astrocytes (L) and alpha-synuclein (SNCA) when co-
cultured with WT vmDAn after 4 weeks in culture, scale bar 20µm. (M) Contour plot of WT 
and PD astrocyte viability at 4 weeks. (K) Scheme representing generation of SNCA-flag 
astrocyte lines. (L) PD astrocyte expressing co-localized SNCA and Flag staining. (N) 
Graph plotting SNCA positive GFAP in both co-culture conditions. (N) Co-localization 
analysis of SNCA and Flag in a 4-week co-culture of WT vmDAn (TH) on the top of 
LRRK2-PD SNCA Flag astrocytes, scale bar 20µm. (O) Scheme depicting generation of 
SNCA-flag astrocyte lines with an immunocytochemical staining of LRRK2-PD SNCA-flag 
14-day astrocyte staining for SNCA and FLAG. (P) Co-localization analysis of SNCA and 
Flag in a 4-week co-culture of WT vmDAn (TH) on the top of LRRK2-PD SNCA Flag 
astrocytes, scale bar 20µm. (Q) Flag staining inside WT TH neuron during a 4-weeks co-
culture when on the top of SNCA Flag PD astrocytes. All graphs plot mean ± s.e.m, 
unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001.  

Figure 4. PD neurons restore arborized morphology and accumulate less alpha-synuclein 
when co-cultured with WT astrocytes. (A) Scheme representing co-culture system of PD 
neurons on the top of both WT and PD astrocytes for 4-weeks. (B and C) Scholl analysis 
image of neurite traces of PD neurons in both co-culture conditions. (D) Graph representing 
Scholl analysis of number of neurite intersections in PD neurons when co-cultured on WT 
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astrocytes or PD astrocytes for 4 weeks (n = 3, total neurons counted = 40). (E) 
Immunofluorescence representations of alpha-synuclein (SNCA) levels during a 4-week co-
culture with PD neurons (TH) on the top of WT astrocytes (GFAP) (F) and PD neurons on 
the top of PD astrocytes. (G) Graph plotting MAP2 (normalized to DAPI) positive neurons 
in co-cultures with both WT and PD astrocytes (n = 2, total neurons counted = 4219). (H) 
Graph plotting TH/DAPI in co-cultures with PD neurons on the top of WT and PD 
astrocytes at 2 and 4 weeks (n = 2, total neurons counted = 6301). (I) Immunofluorescence 
representing PD neurons (TH) on the top of WT astrocytes (GFAP) with a focus on alpha-
synulcein (SNCA). All graphs plot mean ± s.e.m, unpaired two-tailed Student’s t-test, 
*p<0.05, **p<0.01, ***p<0.001).  

Figure 5. Altered CMA and SNCA accumulation in LRRK2-PD astrocytes (A) 
Representative images of the receptor for CMA (LAMP2A), astrocyte marker GFAP, SNCA 
and nuclear marker DAPI in control and LRRK2-PD astrocytes at 6 and 14 days, scale bar 
10µm. Smaller white circles represent perinuclear area, whereas larger green circle 
represents non-perinuclear area. Scale bar 20µm. (B) Positive co-localization between 
LAMP2A and SNCA in LRRK2-PD astrocytes. (C) Western blot of SNCA protein levels in 
control and LRRK2-PD astrocytes after 14 days, actin as a loading control, quantification in 
graph (n = 3) (D). (E) KFERQ-DENDRA (CMA reporter) in control and LRRK2-PD 
astrocytes 52 hours after photo-activation with UV light. (F) Western blot of SNCA flux 
protein levels after the addition of inhibitors of autophagy and proteasomal degradation. (G) 
Effects of inhibitors of SNCA accumulation (n = 2). (H) Knock-down shLAMP2A and 
shLuciferase (as a control) in control and LRRK2-PD astrocytes after 14 days. (I) SNCA 
puncta area percentage per cell in WT and LRRK2-PD astrocytes with shLuciferase or 
shLAMP2A (n = 2). (J) SNCA puncta increase ratio in control and LRRK2-PD astrocytes 
with shLuciferase or CMA knock down shLAMP2A (n = 2). All graphs plot mean ± s.e.m, 
unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001.  

Figure 6. Dysfunctional macroautophagy in LRRK2-PD astrocytes (A) Representative 
images of lysosomal protein marker LAMP1 and autophagosome marker LC3 in control and 
LRRK2-PD astrocytes at 6 and 14 days. Smaller white circles represent perinuclear area, 
whereas larger green circle represents non-perinuclear area. Scale bar 50µm. (B) Orthogonal 
view representing a lack of co-localization between LAMP1 and LC3 in LRRK2-PD 
astrocytes. (C) Western blot of LC3 II protein levels with corresponding quantification (n = 
2). (D) LC3-flux ratio (2hr treatment/no treatment) representing the speed of fusion (n = 2). 
(E) Western blot of p62 protein levels with quantification (mean ± s.e.m) in graph (n = 2) 
(F). All graphs plot mean ± s.e.m, unpaired two-tailed Student’s t-test, *p<0.05, **p<0.01, 
***p<0.001.  

 

Figure 7. CMA activator drug rug treatment QX77.1 rescues SNCA accumulation and 
restores LAMP2A to perinuclear area (A) Representative images of 14 day WT 
astrocytes without treatment displaying LAMP2A in the perinuclear area and low levels of 
SNCA. (B) PD astrocytes (14 days) without treatment display a mis-localization of 
LAMP2A out of the perinuclear area and accumulation of SNCA. Orthogonal views reveal 
positive co-localization of SNCA to LAMP2A. (C) 14 day PD astrocytes after 20µg of 
QX77.1 drug treatment for 5 days displaying LAMP2A localization restored back around 
the perinuclear area and lower levels of SNCA. (D) Graph displaying percentage of 
cells/DAPI that are SNCA and GFAP double positive in LRRK2-PD astrocytes either not 
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treated or treated (n = 2, total astrocytes counted = 299). (E) Graph displaying percentage of 
cells/DAPI with LAMP2A in perinuclear area in LRRK2-PD astrocytes either not treated or 
treated (n = 2, total astrocytes counted = 299). All graphs plot mean ± s.e.m, unpaired two-
tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. Scale bars 100µm and 20µm, 
respectively. 

Materials and Methods  

iPSC-derived astrocyte generation. As previously described(Sánchez-Danés et al., 2012), 
fibroblasts were collected from two patients harboring the GS2019S mutation on the 
LRRK2 gene and two healthy age-matched controls and generated into spherical neural 
masses (SNMs). SNMs were pushed towards an astrocytic lineage following a previously 
published protocol(Serio et al., 2013). First, the SNMs were grown in suspension for 28 
days with medium supplemented with LIF and EGF, and then for a further 21 days with 
medium containing FG2 and EGF. Finally, SNMs were left with accutase (LabClinics) for 
15 minutes at 37ºC and mechanically desegregated and plated on matrigel-coated plates (let 
set for 1 hour at RT) as a monolayer. The monolayer of neural progenitors was cultured for 
14 more days in CNTF (Prospec Cyt-272) medium (Neurobasal, Glutamax, PenStrep, 
NEAA, CNTF), a stage in which considered astrocyte progenitors and therefore 
characterized. These astrocyte progenitors were successfully frozen in Astrocyte Freezing 
Medium (90% CNTF medium and 10% DMSO) and stored in liquid nitrogen to be kept for 
future use. When needed for an experiment, vials were thawed in medium containing FBS 
and resuspended in CNTF medium and plated on matrigel-coated plates. Cells were 
passaged four times before considered mature and then further characterized. Plastic cover 
slides were coated with matrigel in 24-well plates to conduct experiments. 

iPSC-derived vmDAn generation and co-culture system. Using a combination of two 
previously published protocols, vmDA neurons were obtained after 35 days after which 
were co-cultured with LRRK2-PD and healthy astrocytes. The vmDAn were fully 
characterized and displayed functional viability with calcium imaging techniques (data not 
shown). After 35 days of differentiation 20% of overall cells stained positive for TH, a 
number which increased with time reaching 45% after 50 days, a point in which the protocol 
named the neurons mature. The co-culture system was aimed to house immature/young 
neurons and continue the differentiation process on the top of the astrocytes, therefore day 
35 neurons were used. Astrocytes were plated one week before the neurons to ensure the 
development of mature astrocytes and sufficient co-culturing time before the cells could feel 
the effects of being in culture for too long. vmDAn from a LRRK2-PD line were generated 
and 5x104 cells/well were plated on the top of one week old astrocytes (2x104 cells/well), 
which were plated on the top of matrigel coated glass coverslides in 24-well plates for two 
and four weeks. The medium used contained Neurobasal, NEAA, PenStrep, and Glutamax. 
Cells were fixed with 4% PFA for 15 mins and washed three times with PBS for 15 minutes 
before performing ICC. After confocal images were acquired, TH positive cells and DAPI 
were counted for a series of 600 cells per condition using FIJI is Just ImageJTM cell counter 
plugin.  

Immunocytochemistry. After medium removal, samples were fixed using 4% PFA for 15 
minutes and then washed three times for 15 minutes with PBS. Samples were blocked with 
TBS++ with low triton (TBS1x, NDS 3%, Triton 0.01%) for two hours and 48-hour 
incubation with primary antibodies at 4ºC. Primary antibodies used include CD44, GFAP 
anti-Guinea pig (Synaptic Systems, 173 004), GFAP anti-Rabbit (Dako, Z0334), S100β anti-
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Rabbit, (Dako, 311), Vimentin anti-Mouse IgM (Iowa, 3CB2), TUJ1 anti-Mouse (Covance, 
MMS-435P), MAP2 anti-Rabbit (Sant Cruz, sc-20172), NG2 anti-Rabbit (Millipore, 
AB5320), GLT1 anti-Guinea pig (Millipore, AB1783), Synaptophysin anti-Mouse 
(Millipore, MAB332), PSD-95, TOM20 anti-Mouse (BD, 612278), TOM20 anti-Rabbit 
(Sant Cruz, sc-11415), LC3B (Cell Signaling, 2775), LAMP-2A anti-Rabbit (Abcam, 
18528), α-synuclein anti-Mouse (BD, 610787), Oligomeric α-synuclein anti-Mouse (Agisera 
AS13 2718), TH anti-Sheep (Pel-Freez, P60101-0), TH anti-Rabbit (Santa Cruz, sc-14007), 
LAMP1 (Iowa, H4A3). After 48-hour incubation with the primary antibody, samples were 
then washed with TBS 1x for 15 minutes three times, before being blocked again for one 
hour at room temperature. Samples were incubated with their rightful secondary antibody 
(all at a dilution of 1:200) for two hours at room temperature. Secondary antibodies used 
include the following: Alexa Fluor 488 anti-Mouse IgG (Jackson 715-545-150), Cy3 anti-
rabbit IgG (Jackson 711-165-152), DyLight 649 anti-Guinea pig IgG (Jackson 706-495-
148), Alexa Fluor 647 anti-Sheep (Jackson 713-605-147), Cy™2 AffiniPure Donkey Anti-
Rabbit IgG (H+L) (Jackson 711-225-152), Cy™3 AffiniPure Donkey Anti-Mouse IgG 
(H+L) (Jackson 715-165-151). Samples were then further washed with TBS 1x for 15 
minutes three times and then incubated with nuclear staining DAPI (Invitrogen, dilution 
1:5000) for 10 minutes. After having washed the samples twice with TBS 1x for 10 minutes, 
samples were mounted with PVA:DABCO and stored at 4ºC until imaged. Samples were 
imaged using an SP5 confocal microscope (Leica) and analyzed with FIJI is Just ImageJTM. 

Quantitative Real Time PCR. The isolation of total mRNA was performed by guanidinium 
thiocynate–phenol–chloro- form extraction (TRIzol, Invitrogen) and treated with DNase I. 
One microgram was used to synthesize cDNA with the SuperScript III Reverse 
Transcriptase Synthesis Kit (Invitrogen). Quantitative RT-PCR analyzes were done in 
triplicate on 50ng with Platinum Syber Green qPCR Super Mix (Invitrogen) in an ABI 
Prism 7000 thermocycler (Applied Biosystems). All results were normalized to GAPDH. 
The primers used were Aquaporin 4 (Forward AG AT CA GC AT CG CC AA GT CT; 
Reverse AA CC AG GA GA CC AT GA CC AG), p62 (Forward CC CT GA GG AA CA 
GA TG GA; Reverse GA CT GG AG TT CA CC TG TA GA), GapDH (Forward GC AC 
CG TC AA GG CT GA GA AC; Reverse AG GG AT CT CG CT CC TG GAA).  

Protein extraction. Live cells were washed twice with PBS and incubated for six minutes at 
37ºC with accutase (Sigma). Cells were lifted and collected in washing medium containing 
FBS and centrifuged at 800rpm for five minutes. After centrifugation, cells were 
resuspended in cold PBS and placed in 1.5mL eppendorfs and centrifuged for five minutes 
at 4ºC at 600xg. After discarding the supernatant, pellets were immediately stored at -80ºC 
for future use. Alternatively, the protein extraction could immediately take place after pellet 
collection at 4ºC. Pellets were homogenized in 50 mM Tris-HCl, pH 7.4/150 mM 
NaCl/0.5% Triton X-100/0.5% Nonidet P-40 and a mixture of proteinase inhibitors (Sigma, 
Roche tablet). Samples were then centrifuged at 15,000xg for 20 minutes at 4ºC. The 
resulting supernatant was normalized for protein using BCA kit (Pierce). 

Protein extraction for oligomeric α-synuclein: Mila lysis buffer (0.5M Tris at pH 7.4 
containing 0.5 methylenediaminetetraacetic acid at pH 8.0, 5M NaCl, 0.5% Na doxicholic, 
0.5% Nonidet P-40, 1mM phenylmethylsulfonyl fluoride, bi-distilled water, protease and 
phosphatase inhibitor cocktails) (Roche Molecular Systems, Pleasanton, CA, USA), and 
then centrifuged for 15 min at 13,000rpm at 4°C (Ultracentrifuge Beckman with 70Ti rotor, 
CA, USA). 
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Western blot. Cell extracts were then boiled at 100ºC for 5 minutes, followed by 7-15% 
electrophoresis, then electrotransferred 100v to PVDF membranes for 1.5 hours at 4ºC. 
After treating the membranes with Ponceau S solution (Sigma) to be able to cut separately 
the protein of interest and the loading control protein for separated antibody incubations, the 
membranes were then blocked with 5% not-fat milk in 0.1M Tris-buffered saline (pH. 7.4) 
for 1 hour and incubated overnight in TBS 1x/BSA 3%/TWEEN 0.1% containing primary 
antibodies. After incubation with peroxidase-tagged secondary antibodies (dilution 
1:10,000), membranes were revealed with ECL-plus chemiluminescence western blot kit 
(Amershan-Pharmacia Biotech). This study used the following antibodies: pDRP1 anti-
rabbit (Cell Signalling 3455), Porin VDAC1 anti-mouse (abcam, ab14734), α-synuclein 
anti-mouse (BD 610787), Synaptophysin anti-rabbit (abcam), PSD-95 anti-mouse (Milipore 
AB5475), TH anti-rabbit (Sigma T8700), FOXA2 anti-mouse (Santa Cruzz sc-101060), 
GFAP anti-guinea pig (Synaptic Systems 173 004), CD44 anti-mouse (abcam ab6124), 
S100β anti-rabbit (Dako 311), TUJ1 anti-mouse (Biolegend 801202), NG2 anti-rabbit 
(Milipore AB5320), MAP2 anti-chicken IgY (abcam ab5392), LAMP-2A anti-rabbit (abcam 
18528), LC3B anti-rabbit (Cell Signaling 2775), p62 anti-rabbit (Enzo Life Science BML-
PW9860) and as protein loading controls Actin (Millipore), Tubulin (Millipore). 

Densitometry. After having been developed at several different times (1 second, 30 
seconds, 1 minute, 3 minutes, 5 minutes, 10 minutes, and 20 minutes to burn) films were 
scanned at 2,400 x 2,400 dpi (i800 MICROTEK high quality film scanner), and the 
densitometric analysis was performed using FIJI is Just ImageJTM. Other membranes were 
imaged using the ChemiTouch machine under the ‘Optimal exposure’ setting.  

Calcium Imaging. Live cells were incubated with Fluro4-AM flurofore for 30 minutes 
slowly shaking at room temperature. Cells were then imaged for 20-minute recordings using 
the Hokawo program and when finished data was converted from video to images. The data 
was then put through the NeuroImage program where Calcium Activity Map and individual 
Calcium Graphs were generated. Data is further analyzed in a Matlab code made by Jordi 
Soriano.  

Cell Viability Assay Calcein Green AM (Thermofisher ref. C3100MP) (1µM final 
concentration) was added to the cells in 0,5ml suspension medium (not exceeding more than 
1M cells) containing PBS. In addition, 2µL of Propidium iodide (Sigma ref. P4170) 
(1mg/mL) was also added to the cells and incubated 5 min in the same conditions as above. 
Flow cytometry analysis was performed with excitation at 488 nm and emission collected at 
~520 nm (FITC channel) for Calcein Green AM, and at ~ 585nm (Phycoerythrin channel) 
for the PI. Cells were run on a Gallios flow cytometer analyser and file analysis was done 
using Kaluza Software, both from Beckman Coulter Inc (Brea, CA). 

CMA Reporter KFERQ-DENDRA. CMA activity was measured using a photoactivatable 
CMA fluorescent reporter with a CMA targeting motif added to the PS-dendra protein 
(KFERQ-PS-dendra) developed and updated by (Koga et al., 2011; Park et al., 2015). Cells 
transduced with the lentivirus carrying the reporter were photoactivated with a UV light for 
3 minutes and then imaged after 52 hours to monitor CMA activity.  

CMA knockdown (shLAMP-2A). After 14 days in culture, cells were transduced with a 
lentivirus containing shLAMP-2A(Ashish C Massey et al., 2008). Half of the medium was 
added the following day, and the virus was left to take affect for 72 hours. Cells were then 
fixed with 4% PFA for 15 mins and stained with anti-GFAP and anti-α-synuclein in ICC, 
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protocol previously described in ICC section. α-synuclein puncta were counted using a 
macro developed in FIJI is for ImageJ measuring α-synuclein area within the cell. 100 cells 
per condition were measured. The shLAMP-2A plasmid was kindly supplied by AMC.  

LC3 Flux Assay. After 14 days of culture, cells were either not treated with a drug 
(control), treated with Leupeptin (100 µg, Sigma L2884) and NH4Cl (20 µg, Sigma A9434) 
for 2 hours. The assay was terminated by washing the cells twice in PBS. The pellets were 
collected as previously described under ‘protein extraction’ section. Western blots were 
performed using 13% gels, and as previously described in WB section. Ratio of 2-hour drug 
treatment versus no drug was performed per line to determine speed of fusion.  

 

α-synuclein Flux Assay. After 14 days of culture, cells were either not treated with a drug 
(control), treated with Lactacystin (5mM, Enzo BML-PI104) for 2 hours, or Leupeptin (100 
µg, Sigma L2884) for 12 hours. The assay was terminated by washing the cells twice in cold 
PBS. The pellets were collected as previously described under ‘protein extraction’ section. 
WB was performed using 12.5% gels, and as previously described in WB section.  

CRISPR guideRNA (gRNA) and Donor Plasmid Design. CRISPR/Cas9 gRNAs against 
the last exon-3’UTR junction of the human SNCA gene were designed so that the spacer 
sequence overlapped the STOP codon. Complementary oligos encoding for the desired 
spacer sequences were annealed into the BbsI site of the gRNA scaffold of the Cas9-T2A-
EGFP/gRNA co-expression plasmid px458 (Addgene #48138). For increased expression of 
the Cas9 protein in hPSC, Cbh promoter was replaced by a full-length version of the 
CAGGS promoter. The cleavage efficiency of two gRNAs was tested by T7EI assay. Both 
gRNAs displayed a similar cutting efficiency but gRNA2-OL was selected for the editing 
process.  

Donor plasmid for knocking-in a FLAG tag fused C-terminal to the α-synuclein open 
reading frame (ORF) was engineered using the following elements. Two homology arms 
(HAs) spanning approximately 800 bp from both sides of the STOP codon. The sequence 
encoding for the FLAG tag was placed right after the last codon of the SNCA ORF and 
before the STOP codon. A selection cassette (pRex1-NeoR) surrounded by loxP sites was 
cloned between the STOP codon and the 3’HA. The sequence of the cloning primers and 
gRNA oligonucleotides can be found in Supp. Table 1. 

CRISPR-mediated SNCA locus edition in hiPSC. The day before transfection, 800.000 
hiPSC were seeded in a 10cm plate coated with matrigel. The following day, hiPSC were 
co-transfected with a mix of 6 µg of Cas9-T2A-EGFP/gRNA, 9 µg of the donor plasmid, 45 
µL of FuGENE HD (Promega) transfection reagent and KO-DMEM up to 750 µL. The 
transfection mixture was incubated for 15 minutes at room temperature and subsequently 
added dropwise to the cells. Geneticin (G-418; 50 µg/mL) selection was initiated 72h post-
transfection and was maintained until the emerging colonies were transferred to another 
plate. Between 10 and 14 days after the initiation of the selection, colonies were large 
enough as to be screened. 

Half of the colony was sampled in order to check site-specific integration by means of PCR. 
Primers to check the targeted integration of the FLAG tag and the selection cassette are 
listed below. Those colonies that were positive for the targeted recombination were 



CHAPTER 8: APPENDICES 

 
204 

transferred to a different well in order to be transfected with a CRE-recombinase expressing 
plasmid. After CRE transfection, cells were singularized and seeded at a low density on top 
of irradiated human fibroblast feeder layer in the presence of ROCK inhibitor (Miltenyi). 
Once, the colonies attained a certain size, they were isolated and screened for selection 
cassette-excision. Those clones whose both SNCA alleles were tagged with the FLAG 
epitope were expanded and characterized in terms of pluripotency and genome stability. 
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