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Parkinson’s disease (PD) is an incurable, chronically progressive disorder of 

old age leading to premature invalidity and death.  Clinically, PD is characterized 

by classical motor syndrome linked to a progressive loss of dopamine-containing 

neurons (DAn) in the substantia nigra pars compacta, and disabling non-motor 

symptoms related to extranigral lesions. 

considerable insight into underlying pathogenic mechanisms. However, the 

unknown etiology of the sporadic forms (90% of patients) and the emerging 

view that non-neuronal cells could be also implicated in the pathophysiology 

of the disease, greatly impact on the development of accurate models and on 

the discovery of a cure. Here, I investigate the role of astrocytes in disease 

pathogenesis using a human iPSC-based model of Parkinson’s disease. 

First, I introduce Parkinson’s disease, its pathological hallmarks and the 

Then, I elaborate on the different mechanisms involved in PD including 

mitochondrial dysfunction, oxidative  stress and autophagy as well as on the 

Subsequently, I examine the association of astrocytic dysfunctions with 

neuronal morphological and functional abnormalities that contribute to the 

progression of several neurodegenerative including Parkinson’s disease and the 

recent data showing an astrocyte-autonomous process mediating PD-associated 

degeneration of dopaminergic neurons, mainly via intracellular accumulation of 

aggregates to surrounding neurons.

ABSTRACT
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In the results section, I describe the generation and characterization of iPSC-

derived astrocytes of LRRK2-PD patients (LRRK2G2019S PD), healthy individual 

(Ctrl) and CRISPR/Cas9 gene edited isogenic control. I show that LRRK2G2019S 

PD astrocytes exhibited extensive perinuclear accumulation of fragmented 

to control astrocytes. Fragmented mitochondria accumulated in LRRK2G2019S 

PD astrocytes was due to a defective mitophagy leading to an increase in 

oxidative stress. I also show that oxygen consumption rate, ATP production and 
G2019S 

PD astrocytes indicating altered mitochondrial function in PD astrocytes and that 

LRRK2G2019S PD astrocytes exhibited lower expression levels of mitochondrial 

biogenesis-related genes compared to control astrocytes. Importantly, correction 

of G2019S mutation in the LRRK2 gene by CRISPR-Cas9 gene editing 

normalized mitochondria morphology, clearance and function to those of control 

astrocytes. Then, I describe the effects of Urolithin A, a mitophagy activator 

drug, that was able to rescue mitochondrial fragmentation and accumulation in 

LRRK2G2019S PD astrocytes by inducing mitophagy, promoting expression of 

mitochondrial biogenesis-related genes and reducing ROS production in those 

astrocytes. 

Finally, in the last chapter, I show that, in a co-culture system established 

between LRRK2G2019S PD astrocytes and healthy DA neurons, the treatment with 

Urolithin A, prevented neuronal cell death, suggesting a potential astrocyte-

targeted therapeutic.

modeling for assessing the consequences of mitochondrial dysfunctions in 

astrocytes and dissecting the initial mechanisms that lead to neuronal cell loss in 

PD. The present modeling has uncovered mitophagy dysfunction as a relevant 

altered mechanism in PD astrocytes whose activation might represent an 

interesting therapeutic option for counteracting PD-related neurodegeneration.
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INTRODUCTION

1. Parkinson’s disease

1817) whose description of the disease, although not complete, is still pertinent 

nowadays. After centuries of study, Parkinson’s disease (PD) is currently 

known to be a chronic, progressive neurodegenerative disease characterized 

not only by the loss of motor functions but also by the manifestation of non-

motor symptoms. It is the second most common neurodegenerative disease after 

Alzheimer’s disease affecting more than 6,5 million people worldwide with 

the level of incidence in the population over the age of 65 estimated at around 

3-5% (Pons-Espinal et al., 2019; Reich et al., 2019). Due to improvement of 

health care and increased life expectancy, it is estimated that the prevalence of 

Parkinson’s disease will rise dramatically over the coming years, doubling the 

number of patients in 2030 compared to 2005 (Poewe et al., 2017). 

Clinical manifestations of Parkinson’s disease include motor symptoms such 

as bradykinesia, muscular rigidity, rest tremor and postural instability. The loss 

of the dopaminergic neurons (DAn) in the substantia nigra pars compacta (SNpc) and 

its consequent dopamine depletion in the striatum are responsible for these symptoms 

(Kaila et al., 2015). Non-motor symptoms are characteristic of the last stages of the 

disease but some can manifest themselves even years before the diagnosis. These 

symptoms include cognitive impairment, autonomic dysfunction, sleep disorder, 

depression and hyposmia (impaired smell) (see Fig. 1) (Poewe et al., 2017).

CHAPTER 1
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begin up to 20 years before the diagnosis (see Fig.1). Hence, the diagnosis of 

non-motor and/or subtle motor symptoms to predict the diagnosis before the 

massive loss of dopaminergic neurons (Mahlknecht et al., 2015). 

Even though there has been and incredible improvement in the quality of life 

change the course of the disease and the only available treatment is palliative. 

For this reason, establishing accurate models to gain insight in the molecular 

and cellular mechanisms underlying the dopaminergic neurodegeneration is 

1.1. Neuropathology

The two main pathological hallmarks of the disease are the loss of 

dopaminergic neurons (DAn) from the substantia nigra pars compacta (SNpc) 

and the formation of protein inclusions known as Lewy bodies and Lewy 

With regard to the cell loss in Parkinson’s disease, it is preferentially occurring 

Figure 1. Clinical symptoms of Parkinson’s disease over time.
Prodromal phase of PD is characterized by non-motor symptoms and can start 20 
year before the diagnosis. PD is diagnosed with the onset of motor symptoms (From 
Kaila et al., 2015).
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in the A9 subtype ventral midbrain dopaminergic neurons form the nigrostriatal 

pathway (see Fig. 2a). These neurons project to the striatum in the basal ganglia 

and release dopamine to control the initiation and execution of movements 

(Surmeier et al., 2017). Parkinson’s disease is clinically diagnosed when more 

than 50% of dopaminergic neurons in the substantia nigra pars compacta are lost 

that the degeneration of this region starts before the onset of motor symptoms 

(Dijkstra et al., 2014). It is also reported that in the early stages the loss of DAn 

is restricted to the ventrolateral SNpc and becomes more widespread with the 

Figure 2. Pathological hallmarks of Parkinson’s disease.
a. Schematic representation of the nigrostriatal pathway. B. Depigmentation of 
the SN is characteristic in PD as seen in right panel compared to the control in the 
left panel. Insets show immunohistochemical staining for tyrosine hydroxylase, gold 
standard marker for dopaminergic neurons, of transverse sections of the midbrain. 
Loss of dopaminergic neurons in the substantia nigra (SN) is evident in PD (right panel) 

shows the intracytoplasmic Lewy bodies (c, arrow) and Lewy neurites (d) (Adapted 
from Connolly et al., 2014 and Poewe et al., 2017).
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progression of the disease (Damier et al., 1999). Along with the loss of A9 DAn, 

the depigmentation of SNpc occurs as these neurons display high neuromelanin 

pigmentation (see Fig. 2b) (Schwarz et al., 2017). 

Lewy pathology is the second hallmark of PD. Lewy bodies are inclusions 

normally a natively unfolded protein that plays a role in synaptic vesicle release 

(Spillantini et al., 1997; Goedert et al., 2013). When in a misfolded stage, 

proteins known as Lewy bodies, when in the cytoplasm of the cell, and the Lewy 

neurites, when in the processes (see Fig. 2c-d) (Kaila et al., 2015; Dickson, 

2017).

Braak hypothesis of Parkinson’s disease states that Lewy pathology starts 

nervous system in a caudal-rostral direction (Braak et al., 2004; Dickson et al., 

2009; Goedert et al., 2013). This progression has been divided into six stages, 

in which the stages 1 and 2 correspond to premotor symptoms, stage 3 to motor 

symptoms when A9 dopaminergic neurons are affected and stages 4, 5 and 

6 with non-motor symptoms occurring at the later stages of the disease. Meaning 

that there would be a correlation between Braak hypothesis and non-motor 

manifestations (Kaila et al., 2015).

1.2. Treatment

So far, there has been no disease-modifying drugs available for the 

treatment of Parkinson’s disease that could slow or stop the dopaminergic 

neurodegeneration. Current therapeutic treatments only ameliorate the motor 

Kaila et al., 2015). 
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The most prevalent treatment is the administration of L-DOPA, a dopamine 

precursor, together with a DOPA decarboxylase inhibitor, known as carbidopa. 

While L-DOPA crosses the blood-brain barrier, carbidopa does not, allowing 

L-DOPA to be converted to dopamine preferentially in the central nervous 

system (see Fig. 3) (Reich et al., 2018). Even though it is the most effective 

therapy to alleviate motor symptoms, it has been demonstrated that it can cause 

dyskinesias after long-term administration (PD Med Collaborative Group et al., 

2014; LeWitt et al., 2016). 

Alternative therapies include pharmacological treatment with the use of 

dopamine agonists and deep brain stimulation. Dopamine agonists can be 

administered at the beginning of the disease, therefore delaying the administration 

of L-DOPA and its side effects (Connolly et al., 2014) however it has been 

proven not to relieve motor symptoms to the same extend as L-DOPA. Deep 

Figure 3. Schematic representation of L-DOPA (Levodopa) site of action.
(Adapted from Connolly et al., 2014).
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brain stimulation might compensate the motor complications secondary to a 

chronic treatment with L-DOPA (Perestelo-Pérez et al., 2014). Nevertheless, 

it is still essential to develop new treatments to stop the progression of the 

dopaminergic neurodegeneration and dopamine depletion.

2. Etiology of Parkinson’s disease

The exact cause of Parkinson’s disease is unknown although research points 

towards a combination of genetic and environmental factors. In fact, around 

90% of PD cases are sporadic in which genetics and family history don’t play a 

clear role in the onset of the disease. However, 10% of PD cases have a genetic 

basis (Tysnes et al., 2017).

2.1. Risk factors

Age is the major risk factor for developing Parkinson’s disease. PD incidence 

is low before the age of 50 when it equals to 41 per 100.000 people, and peaks 

around the age of 80 when it increases to 1903 cases per 100.000 people 

(Delamarre et al., 2017; Ascherio et al., 2016). Gender is another risk factor for 

Parkinson’s disease, as PD is twice as frequent in men as in women. However, 

women present higher mortality and faster progression of the disease (Cerri 

et al., 2019). There are several environmental factors considered to increase 

the risk of developing Parkinson’s disease. After the discovery of 1-methyl-

4-phenyl-1,2,3,6-tetra hydropyridine (MPTP) as a pro-parkinsonian molecule 

which is similar in structure to the herbicide paraquat, it was suggested that the 

exposure to pesticides and other environmental chemicals could increase the 

risk of PD. The exposure to pesticides in the workplace has been associated 

with late-onset of PD in men in several studies (Cerri et al., 2019; Ascherio et 

al., 2016). Moreover, PD risk is increased after a traumatic brain injury. Head 
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accumulation in the brain. All these factors are potential contributors to the 

increased risk of suffering PD (Marras et al., 2014). Smoking and coffee have 

been proposed to have an inverse correlation between the exposure and PD 

risk. However, there are controversies whether the tobacco can really decrease 

the risk or if there is a change in habits of people during the prodromal stage 

(Cerri et al., 2019; Ascherio et al.,2016). Exercise is also a protective factor 

against Parkinson’s disease and also prevents other disease such as diabetes and 

hypertension that can also increase the risk of suffering PD (Xu et al., 2019).

2.2. Genetic contribution

Familial Parkinson’s disease accounts for approximately 10% of PD cases. In 

recent years, several genes causing monogenic forms of the disease have been 

(SNP) of several genes that were found to be associated with higher PD risk 

(Delamarre et al., 2017).

SNCA and Leucine-rich repeat kinase 2 (LRRK2) genes have been linked to 

al., 1997). Several point mutations and multiplications of the gene have been 

2014). LRRK2 accounts for 4% (Ferreira et al., 2017) of inherited Parkinson’s 

disease and more than 100 mutations have been already discovered. Typically, 

mutations in LRRK2 cause late-onset PD clinically indistinguishable from 

idiopathic PD (Lin et al., 2014). On the other hand, mutations in Parkin, PTEN-

induced putative kinase 1 (PINK1) and DJ-1 genes cause autosomal recessive 
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forms of the disease and early-onset parkinsonism (Corti et al., 2011; Bonifati et 

al., 2002). Parkin and PINK1 are most frequent cause of early-onset autosomal 

recessive PD. They interact for the proper clearance of damaged mitochondria 

and mutations usually lead to loss of function. DJ-1 also interacts with Parkin 

Table 1. Familial PD-related genes.
From Blauwendraat et al., 2020.

Mutation Note Year of 
discovery

Proposed 
disease 
mechanism

Inheritance Frequency Nominated 
by GWAS

Multiple 
independent 
families 
reported *

Functional 
evidence †

Negative 
reports 
published ‡

as actual PD 
gene §

SNCA Missense or 
multiplication

Often with 
dementia

1997, 2003 Gain of 
function or 
overexpres-
sion

Dominant Very rare Yes ++ ++ + Very high

PRKN Missense 
or loss of 
function

Often early 
onset

1998 Loss of 
function

Recessive Rare No ++ ++ + Very high

UCHL1 Missense .. 1998 Loss of 
function?

Dominant Unclear No + Low

PARK7 Missense Often early 
onset

2003 Loss of 
function

Recessive Very rare No ++ ++ + Very high

LRRK2 Missense .. 2004 Gain of 
function

Dominant Common Yes ++ ++ + Very high

PINK1 Missense 
or loss of 
function

Often early 
onset

2004 Loss of 
function

Recessive Rare No ++ ++ + Very high

POLG Missense 
or loss of 
function

Atypical PD 2004 Loss of 
function?

Dominant Rare No ++ + + High

HTRA2 Missense .. 2005 Unclear Dominant Unclear No + Low

ATP13A2 Missense 
or loss of 
function

Atypical PD 2006 Loss of 
function

Recessive Very rare No ++ ++ + Very high

FBXO7 Missense Often early 
onset

2008 Loss of 
function

Recessive Very rare No ++ ++ + Very high

GIGYF2 Missense .. 2008 Unclear Dominant Unclear No + + Low

GBA Missense 
or loss of 
function

.. 2009 Likely loss of 
function

Dominant 
(incomplete 
penetrance)

Common Yes ++ ++ + Very high

PLA2G6 Missense 
or loss of 
function

Often early 
onset

2009 Loss of 
function

Recessive Rare No ++ ++ + Very high

EIF4G1 Missense .. 2011 Unclear Dominant Unclear No + Low

VPS35 Missense .. 2011 Loss of 
function

Dominant Very rare No ++ + + Very high

DNAJC6 Missense 
or loss of 
function

Often early 
onset

2012 Loss of 
function

Recessive Very rare No ++ + + High

SYNJ1 Missense 
or loss of 
function

Often atyp-
ical PD

2013 Loss of 
function

Recessive Very rare No ++ + + High

DNAJC13 Missense Same 
family as 
TMEM230

2014 Unclear Dominant Unclear No + + Low

TMEM230 Missense Same 
family as 
DNAJC13

2016 Loss of 
function?

Dominant Unclear No + Low

VPS13C Missense 
or loss of 
function

.. 2016 Loss of 
function

Recessive Rare Yes ++ + + High

LRP10 Missense 
or loss of 
function

.. 2018 Loss of 
function?

Dominant Unclear No + Low

GWAS=genome-wide association study. PD=Parkinson’s disease.
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and PINK1 regulating its translocation to mitochondria. Moreover, it is involved 

are known to be one of the most common genetic risk factors for developing 

Parkinson’s disease (Billingsley et al., 2018)

2.2.1. Leucine-rich repeat kinase 2

Leucine-rich repeat kinase 2 (LRRK2) is a multidomain protein of 2.527 

amino acids containing several functional domains. These include two enzymatic 

domains, a Ras of complex proteins (ROC)-type GTP-binding domain and a 

serine/threonine protein kinase domain; a carboxyl terminal of ROC (COR) 

domain; and a number of repeat domains (see Fig. 4) (Corti et al., 2011).

LRRK2 is expressed in various tissues, especially in the brain, lungs and 

kidneys (Giasson et al., 2006). Different studies have suggested that the 

expression of LRRK2 in the substantia nigra and dopaminergic neurons is low 

(Higashi et al., 2007; Taymans et al., 2006). However, others suggested that it 

is preferentially expressed in A9 DA neurons of SNpc, compared to A10 DA 

neurons from ventral tegmental area (Han et al., 2008). At the subcellular level, 

it is located in the cellular cytosol and never in the nucleus. Even though the 

Figure 4. Schematic representation of the LRRK2 protein.
LRRK2 protein contains several conserved domains ARM (Armadillo), ANK (ankyrin 
repeat), LRR (leucine-rich repeat), Roc (Ras of complex proteins: GTPase), COR 
(COOH terminal of Roc), kinase domain, and WD40. In red, the seven pathological 
mutations (Adapted from Singh and Ganley, 2021).
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protein does not have obvious transmembrane domains, it is also located in 

membranous cell structures and it has been suggested that LRRK2 can play 

and membrane (Biskup et al., 2006).

Physiological functions of LRRK2 protein are not completely understood. 

Studies in mouse and rat Lrrk2 KO models have demonstrated that the protein 

is not essential for the animal survival, but it is involved in neurogenesis as well 

as development of lungs and kidneys. Its role has been especially demonstrated 

in autophagy-lysosomal pathway and mitochondrial function (Araki et al., 

2018). Through the phosphorylation of diverse substrates, including Rab family, 

like autophagy, synaptic transmission, cytoskeleton remodeling and regulation 

of protein expression (Jeong et al., 2020)

Leucine-rich repeat kinase 2 mutations and Parkinson’s disease

LRRK2 is the causative gene for PARK8-type PD with autosomal dominant 

inheritance. LRRK2 mutations are the most common cause of familial PD and 

been found to be dysregulated in sporadic forms without any mutations of the 

gene (Pons-Espinal et al., 2019; Jeong et al., 2020). 

Clinically, LRRK2 PD is a late-onset PD being similar to sporadic forms 

but with a slightly more benign course and less frequent dementia (Delamarre 

et al., 2017; Lees et al., 2009). It has been suggested that neuropathological 

manifestations of patients carrying mutations in LRRK2 can be modulated 

by genetic and environmental factors. This is due to the differences found 

in several histopathological studies in which only some LRRK2 PD patients 

dopaminergic neurons (Araki et al., 2018).
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Mutations in LRRK2 were discovered in 2002 and there are more than 

100 mutations described to date. Only seven of them have been reported to 

be pathogenic with G2019S mutation being the most common (see Fig. 4) 

(Delamarre et al., 2017). The penetrance of the G2019S mutation is incomplete 

and age-dependent as it increases the risk of developing PD from 28% at the age 

of 60 to 74% at 79 (Lees et al., 2009; Bilingsley et al., 2018).

The G2019S mutation is believed to be responsible for an up-regulation 

of LRRK2 kinase activity which has been demonstrated to induce neuronal 

toxicity, neural shortening and cell death (Lees et al., 2009; Delamarre 2017; 

Jeong 2020)

3. Mechanisms involved in PD pathogenesis

The research community has made great effort to unveil the underlying 

mechanisms of Parkinson’s disease. Epidemiological, genetic and postmortem 

studies, as well as in vitro and in vivo models have helped us to better understand 

the molecular events leading to dopaminergic neurodegeneration.

Figure 5. Molecular mechanisms involved in Parkinson’s disease.
Scheme of the principal molecular pathways involved in the pathogenesis of 
Parkinson’s disease (From Poewe et al., 2017). 
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Despite the lack of understanding of the exact mechanism, it is known that 

mitochondrial dysfunction, oxidative stress, dysfunctional protein aggregation 

Fig. 5) (Maiti et al., 2017).

3.1. Mitochondrial dysfunction 

Mitochondria are called the powerhouses of the cell as they are responsible 

for the generation of energy in the form of ATP. These very dynamic organelles 

with a complex structure are involved in the regulation of calcium homeostasis 

and the removal of free radicals. They continuously undergo cycles of fusion 

Iborra et al. 2016).

the 1980s after some cases of drug abuse were link to Parkinsonian symptoms 

(Langston et al., 1983). It was suggested that 1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) after crossing the blood-brain barrier was converted to 

MPP+ by glia and internalized via the dopamine transporter (DAT) in dopaminergic 

complex I was diminished (Grunewald et al., 2018). After that, MPTP and other 

complex I inhibitors, such as rotenone and paraquat, have been used to generate 

PD animal models (Jackson-Lewis et al., 2012; (Francardo, 2018).

Reduction of complex I activity results in loss of bioenergetic function, 

oxidative stress and impaired calcium homeostasis (Grunewald et al., 2018). 

dopaminergic neurons, causing them to be more susceptible to neurotoxins 

(Perier et al., 2010).

Mitochondrial dysfunction can also alter transcription factors involved in 
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mitochondrial biogenesis. Both mitochondrial transcription factor A (TFAM) 

dysregulated in conditions of mitochondrial dysfunction and are reported to 

have a protective role against neurodegeneration (Raza et al., 2019; Bose et al., 

2016).

PD-related genes associated to mitochondrial dysfunction

Mutations in genes described as playing a role in familial forms of Parkinson’s 

disease, are known to be involved in mitochondrial dysfunction. These include 

Parkin, PINK1, DJ-1, LRRK2 and SNCA among others.

Parkin and PINK1 have a critical role in mitophagy. Physiologically, PINK1 

is located in the outer membrane of mitochondria (OMM) and it is cleaved in 

a voltage-dependent manner. After loss of mitochondrial membrane potential, 

PINK1 is accumulated in the OMM and recruits Parkin via phosphorylation 

of ubiquitin. Parkin, in turn, ubiquitinates OMM proteins and subsequently 

activates the ubiquitin-proteasome system (UPS) leading to a recruitment of 

autophagy machinery. At this point, mitophagosomes are formed to be removed 

via lysosome system (Cai and Jeong, 2020). Therefore, mutations in both Parkin 

and PINK1 cause defects in mitophagy.

Besides its important role in the regulation of mitophagy, lack of Parkin has 

been observed to promote decreased levels of proteins involved in mitochondrial 

function, reduced activity of complexes I and IV, lower respiratory capacity and 

decreased integrity of mitochondria. On the other hand, PINK1 mutations are 

link to decrease mitochondrial respiration and synthesis of ATP together with 

dysfunction (Bose et al., 2016).

Studies in human and mice models have demonstrated an impairment in 

mitochondrial respiration, decrease of mitochondrial membrane potential, 
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increased levels of ROS and altered mitochondrial morphology when DJ-1 is 

mutated (Bose et al., 2016).

LRRK2G2019S and mitochondrial alterations

Mutations in LRRK2 have been associated equally to mitochondrial 

dysfunction, altered mitochondrial dynamics and dysfunctional mitophagy. 

In cellular models using PD patient-derived iPSCs it has been demonstrated that 

the G2019S mutation increases oxidative stress (Singh et al 2019) and promotes 

and colleagues demonstrated that R1441C and G2019S LRRK2 mutations 

increase fragmentation in neurons through direct interaction with DRP1, a 

G2019S 

promotes mitochondrial fragmentation via Drp1 and showed that it triggered a 

LRRK2G2019S mutation suggested that the increased kinase activity of the protein 

promotes mitophagy. However, a study from Hsieh et al. (2016) demonstrated 

that mitophagy is delayed in PD iPSC-derived neurons from patients harboring 

the G2019S mutation. Later on, Bonello et al. demonstrated that mutant LRRK2 

with increased kinase activity impairs PINK1/Parkin dependent mitophagy, 

modulating several actors in different steps of the mitochondrial degradation, 
G2019S patient-derived 

by Wauters et al. in 2020 when it was demonstrated that LRRK2G2019S promotes 

a heightened phosphorylation of Rab10 and thus, impairment of depolarization-

induced mitophagy as the interaction of Rab10 with the autophagy receptor 

optineurin (OPTN) is reduced (see Fig. 6).
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3.2. Oxidative stress 

Reactive oxygen species (ROS) are important in normal physiology. There 

are antioxidant proteins such as superoxide dismutase and glutathione that 

prevent ROS levels from getting too high (Indo et al., 2014). When the system 

fails, it leads to oxidative stress that have detrimental effects on cells. In fact, 

oxidized DNA, lipids and proteins are found in brain tissue of both sporadic and 

familial PD patients (Bosco et al., 2006; Nakabeppu et al., 2007). 

The physiological generation of ATP in the mitochondria generates ROS as 

a byproduct. The process includes the transfer of electrons through a series of 

protein complexes via redox reactions to oxygen in the electron transfer chain. 

When respiratory chain complex I is altered, electrons prematurely escape 

from the electron transport chain causing excessive ROS production, which is 

detrimental to cells (Puspita et al., 2017; Grunewald et al., 2018). Dopaminergic 

Figure 6. Roles of LRRK2 in PINK1/Parkin dependent mitophagy.
Increased LRRK2 activity reduces Parkin interaction with TOM and DRP1, reduces 
Rab10 recruitment to mitochondria and Rab10-OPTN interaction (From Singh and 
Ganley, 2021). 
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substantia nigra of postmortem PD brains because along with the decline of 

complex I activity it was observed the increase in intracellular ROS (Schapira et 

al., 1990; Parker et al., 2008).

Defective mitochondria, that exhibit high levels of oxidative stress, can 

also display a decreased membrane potential. As mitophagy is promoted by 

internalization of PINK1 in a voltage-dependent manner, damaged mitochondria 

can accumulate in the cell and therefore, increase ROS production (Puspita et 

al., 2017). 

Oxidative stress can also be generated by the metabolism of dopamine 

itself. Dopamine can be oxidized and produce free radicals and quinones that 

could eventually interact with ROS scavengers, respiratory chain complexes or 

proteins of the mitophagy pathway (Grunewald et al., 2018).

3.3. Dysfunctional protein degradation

Protein misfolding, aggregation and accumulation are common disease 

mechanisms in several neurodegenerative diseases including Parkinson’s 

disease. Accumulation of damaged or abnormal proteins may lead to perturbed 

cellular function and consequent cell death (Kaila et al., 2015; Raza et al., 2019). 

Accordingly, neurons rely on elaborated pathways of protein quality control 

and removal for maintaining intracellular protein homeostasis. Molecular 

chaperones, the ubiquitin-proteasome system (UPS) and the autophagy-

lysosomal pathway (ALP) are critical degradation pathways used by a normal 

cell to destroy targeted abnormal proteins. The successive failure of these protein 

degradation pathways, as a cause or consequence of early pathological alterations 

in vulnerable neurons at risk, may be a crucial step in the pathological cascade 

that leads to spreading neurodegeneration. On this aspect, understanding how 
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3.4. 

For several years, Parkinson’s disease research has focused on the mechanisms 

researchers and the question whether it protects or promotes neurodegeneration 

causing agent and promote tissue repair. The central nervous system (CNS) has 

been typically seen as an immunologically privileged site as it is physically 

separated from the peripheral immune system by the blood-brain barrier. 

However, astrocytes and microglia are known to be activated with an immune 

response to Pathogen-Associated Molecular Patterns (PAMPs) and Damage-

associated molecular patterns (DAMPs). This means that microglia and 

astrocytes can be recruited to create a protective environment in response to 

PAMPs and DAMPs such as factors secreted by damaged neurons or protein 

aggregates (Pajares et al., 2020). Nevertheless, recent hypothesis suggests that 

during the course of the disease glial cells, when activated, may switch to a 

toxic phenotype that can accelerate neurodegeneration. The altered responses 

associated to PD (Liddelow et al., 2017; Clarke et al., 2018).

that appears to be a contributor to disease progression (Pajares et al., 2020). 

There are several pathological alterations that have been described supporting 
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and has been correlated with a worst PD prognosis. Not only have microgliosis 

and reactive astrocytes been found in PD postmortem studies but also activated 

microglia has been detected in PET imaging in prodromal and diagnosed 

PD patients. Besides that, epidemiological studies have shown how PD risk 

Espinal, 2019; Pajares, 2020).

4. Astrocytes in Parkinson’s disease 

Mechanisms underlying cell death that are cell autonomous to dopaminergic 

neurons have been widely studied and are mentioned above. Yet in recent years, 

Astrocytes are good candidates for the study of non-cell autonomous 

neurodegeneration. Astrocytes are the largest glial cell population in the CNS 

and play a pivotal role in the maintenance of brain homeostasis. Their functions 

include preservation of synaptic homeostasis, trophic support to neurons and 

maintenance of the blood brain barrier (BBB) (Sofroniew et al., 2009). Astrocytes 

can respond to pathological factors and transform to reactive astrocytes which 

have been found in postmortem brain of PD patients. It is suggested that the 

disruption of the normal astrocyte functions can contribute to the pathogenesis 

of Parkinson’s disease, not only in the later stages, but even to the initiation or 

progression (Pons et al., 2019).

4.1. Astrocytes’ functions in healthy brain

Astrocytes make contact with blood vessels and form gap junctions between 

neighboring astrocytes and envelope synapses in gray matter or Ranvier nodes in 

white matter. It has been described that astrocytes express sodium and potassium 
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channels but do not propagate action potentials like neurons. However, a sign 

of functionality of astrocytes-astrocytes or astrocytes-neuron communication 

is the increase in intracellular calcium concentration. Their main functions in 

physiological conditions in the brain are summarized below.

Brain homeostasis

During neurodevelopment astrocytes guide both the migration of axons and 

some neuroblasts as well as the formation and function of synapses. They could 

even regulate synapsing pruning by releasing signals to tag synapses that should 

be engulfed by microglia (Barres, 2008).

Prostaglandins, nitric oxide and arachidonic acid are molecular mediators 

(Koehler et al., 2009).

Synaptic maintenance

Astrocytes processes enveloping synapses are crucial for maintaining synaptic 

homeostasis. They express high levels of transporters for neurotransmitters 

such as glutamate and GABA for their rapid removal from the extracellular 

space to avoid detrimental accumulation and to maintain spatial and temporal 

encoding of synaptic transmission (Allen, 2014). Astrocytes can recycle these 

neurotransmitters into active transmitters such as glutamine and bring them 

back to the synapses (Bouzier-Sore and Pellerin, 2013). 

In addition to synaptic space regulatory function, astrocytes have a direct 

role in synaptic transmission through the release of certain gliotransmitters. 

Moreover, they release growth factors, such as glial cell-derived neurotrophic 
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pruning both in healthy or diseased CNS (Sofroniew et al., 2010).

Brain metabolism

Several studies have converged in the idea that astrocytes can also contribute 

to brain metabolism (Vasile et al., 2017). Due to their architecture, they can take 

up glucose from blood vessels and release metabolites to neurons. Additionally, 

astrocytic glycogen can serve as an energetic sustain to neurons in episodes of 

high neuronal activity or hypoglycemia (Sofroniew et al., 2010).

Blood brain barrier

Together with cerebral endothelial cells and perivascular pericytes, astrocytes 

are main components of the blood brain barrier (BBB), even though their role 

astrocytes inducing barrier properties in cerebral endothelial cells, but others 

argue that the BBB become functional before the appearance of astrocytes. 

astrocytic endfeet can lead to BBB leaks (Sofroniew 2010).

4.2. Astrocytes in response to pathology

Almost two centuries ago, Andriezen (1983) described the hypertrophy of 

been widely accepted that morphological changes of neuroglia and astrocytes in 

Astrocytes reactivity is the capacity of astrocytes to adopt different states 

in response to diverse pathology. These different states are characterized by 
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is important to highlight that astrocytes also have the capacity to respond to 

different stimuli from the CNS in a physiological manner and are known as 

activated astrocytes (Escartin et al., 2021). 

Reactive astrogliosis is the progressive alteration in molecular, cellular and 

functional aspects in astrocytes in response to pathology in the CNS. These 

changes can potentially result in a gain of new functions or a loss of them with a 

Escartin et al., 2021). Reactive astrogliosis has been associated to neurotoxicity 

of excitotoxicity and oxidative stress, promote blood brain barrier repair, stabilize 

cells by the generation of a glial scar (Sofroniew, 2009).  In neurodegenerative 

diseases, astrocytes have been described to contribute to the progression even as 

not primary initiators of the disease (Escartin et al., 2021).

4.3. Astrocytes as disease modulators in Parkinson’s disease

One of the key aspects of the pathogenesis of Parkinson’s disease is 

role in PD pathogenesis.

PD-related genes

Among the genes which are described as a cause of familial PD, some have 

Mutations in DJ-1 gene have been related to increased neuronal excitotoxicity due 

to a decrease in expression of the astrocytic glutamate transporter EAAT2 and a 

subsequent reduction in glutamate uptake (Kim et al., 2016). Since DJ-1 has a 

role in mitochondrial function and oxidative stress, as a result of a knockdown of 
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DJ-1, astrocytes have a reduced ability to protect neurons against neurotoxicity 

in rotenone or 6-hydroxidopamine models of PD (Booth et al., 2017). LRRK2 is 

also expressed in astrocytes and has been associated to the autophagy-lysosome 

pathway. Mutant LRRK2 has been shown to alter lysosome size and pH in primary 

mouse astrocytes (Manzoni et al., 2013; Henry et al., 2015).

The formation of protein aggregates in neurons mainly composed of 

SNCA gene has low expression in astrocytes, unlike in neurons, postmortem 

(Wakabayashi et al., 2000; Braak et al., 2007). This observation indicates that 

a healthy environment for neurons by the removal and degradation of toxic 

and pathology begins to develop (Lee et al., 2010; Fellner et al., 2012; Rannikko 

in astrocytes could lead to a dysregulation of physiological functions of the 

cell such as glutamate uptake and the integrity of the blood brain barrier. 

glutamate receptors and Aquaporin-4 channel (involved in the BBB function) 

al., 2010).
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Mitochondrial dysfunction

Mitochondrial function is related to key astrocytic functions such as 

glutamate-glutamine cycle or regulation of Ca2+ metabolism. As mentioned 

above, astrocytes are responsible for the uptake of the glutamate present in 

et al., 2013). KGDHC, enzyme responsible for the conversion of glutamate 

present low levels of KGDHC in basal ganglia which suggest a role of this 

pathway in the progression of the disease. Moreover, several studies have shown 

that dysregulation of glutamine cycle is caused by reactive astrogliosis and 

that mitochondrial dysfunction in astrocytes induces alterations in glutamate 

metabolism and excitotoxicity. Taken together, these results suggest a common 

mechanism in which alterations in glutamate metabolism are a consequence of 

astrocytic mitochondrial dysfunction (Bantle et al., 2021). 

Ca2+ homeostasis is a key function of mitochondria. Regulators of the Ca2+ 

implicated in the localization of mitochondria close to extracellular source of 

Ca2+, has been proposed to lead to dysbalanced Ca2+ signaling. Additionally, 

Ca2+ transients are involved in glucose mobilization from astrocytes to 

neighboring cells, response to acute injury and synaptic transmission. It can be 

then predicted that alteration of mitochondrial Ca2+ can as well contribute to 

PD progression (Bantle et al., 2021).

Transmitophagy

in the retinal ganglion cell axons in mice in which neuronal mitochondria were 
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internalized and degraded by bordering astrocytes (Davis et al., 2014). More 

recently, it has been demonstrated in a mouse PD model that astrocytes are 

responsible for the clearance of damaged mitochondria transferred from DAn 

interesting in the context of PINK1/Parkin associated PD as PINK1 has been 

shown to be predominantly present in astrocytes rather than in neurons (Barodia 

et al., 2019). The opposite process, namely transfer of healthy mitochondria 

from astrocytes to neuron after an injury, has also been observed in several 

studies. By the usage of iPSC-derived astrocytes and neurons, transfer of 

astrocytic healthy mitochondria to neurons had neuroprotective effect in an in 

vitro PD model induced by rotenone, as it reversed DA neurodegeneration and 

axonal pruning (Cheng et al., 2020).

Oxidative stress

Oxidative stress is a pathogenic factor in Parkinson’s disease. Astrocytes 

are the main actors to maintain the redox homeostasis in the brain. ROS can 

damage mitochondrial metabolism, DNA and mitochondrial DNA (mtDNA). 

mtDNA is especially susceptible to damage because, besides being close to the 

source of ROS, it has low repair capacity. In turn, mutations in mtDNA can 

cause an increase in ROS production generating a vicious cycle. In postmortem 

PD brains, loss of glutathione from the SNpc and the presence of oxidative 

stress are common features. Both are known to induce Nfr2 activity. Nfr2 

is a transcription factor that regulates antioxidant genes. In overexpression 

experiments, Nfr2 overexpressed under the GFAP promoter prevented MPTP 

that astrocytes are crucial mediators of Nfr2 signaling to protect against oxidative 

stress (Liddell et al., 2017; Fernandez-Fernandez et al., 2012).
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5. Modeling Parkinson’s disease

in PD, there are still considerable gaps in our understanding of the molecular 

and cellular mechanisms underlying the chronic neurodegenerative process 

in PD (Melrose et al., 2006; Dawson et al., 2010). In order to develop new 

treatments for the disease, it is of vital importance to gain full understanding of 

the mechanisms implicated in neuronal cell death and it is also required testing 

living human brain tissue, experimental cellular and animal models have been 

developed to mimic PD pathogenesis (Booth et al., 2017; Chia et al., 2020). 

Nonetheless, they present some limitations.

Cellular models mainly refer to standard human tumor cell lines and therefore 

relevant cell type affected in PD (Lázaro et al., 2017).

Animal models include overexpression or knockdown of the gene of interest 

and the use of neurotoxins. Neurotoxins commonly used are 6-hydroxydopamine 

(6-OHDA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), paraquat, 

and rotenone. The addition of these molecules increases oxidative stress 

and consequently promote a rapid nigrostriatal dopaminergic degeneration. 

However, they fail to recapitulate the slow and progressive degenerative 

changes that occur in PD human pathology and the Lewy body formation (Tieu, 

2011; Torrent et al., 2015; Chia et al., 2020). On the other hand, genetic animal 

models based on overexpression (driven by non-native or physiological human 

promoters) or knockout of the gene of interest, only partially replicated key 

neurons in the SNpc is not reproduced in most of the genetic models (Sanchez 

et al., 2014).
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with disease pathophysiology and to clarify the events that initiate and contribute 

to the pathologic process in PD. A breakthrough in modeling complex diseases, 

such as PD, overcoming the limitations mentioned above, came from the 

stem cells (iPSC) (Takahashi et al., 2007; Stadtfeld and Hochedlinger, 2010). 

A key advantage of cell reprogramming is the possibility of generating iPSC 

from patients that carry the same genetic background, including precise genetic 

variants, which may contribute to the disease, thus providing the unprecedented 

opportunity to recapitulate both normal and pathologic human tissue formation 

in vitro, and facilitating disease investigation. It also offers the possibility of 

the time-course of the disease (see Fig. 7). In addition, the iPSC can be 

differentiated into disease-relevant cell types, such as dopaminergic neurons 

or astrocytes. It has been shown that they recapitulate some PD features that 

couldn’t be mimic in other in vitro models (Torrent et al., 2015; Lázaro, 2017).

Figure 7. Generation of iPSC for disease modeling in PD.
Schematic representation of somatic cell reprogramming to iPSC and their function 
in disease modeling (From Torrent et al., 2015).
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5.1. Induced Pluripotent Stem cells to model Parkinson’s disease

For a couple of years, several laboratories have been actively investigating 

the development of iPS-based technologies and disease modeling by using iPSC 

technology. Consiglio laboratory used an iPSC-based strategy to model not only 

monogenic cases of PD associated to LRRK2 mutations, but also idiopathic 

PD (ID-PD). Long-term cultures of iPSC-derived DAn from either ID-PD- or 

LRRK2-PD-iPSC showed morphological alterations which includes reduced 

numbers of neurites and neurite arborization (see Fig. 8), and accumulation of 

autophagic vacuoles which were not evident in DAn differentiated from control-

iPSC (Sánchez-Danés et al., 2012). Subsequently, it has been shown that DAn 

or control individuals, display alterations in chaperone-mediated autophagy 

Fig. 9), and that they predate any morphological sign of neurodegeneration 

model Parkinson’s disease, as it recapitulates the key pathological hallmarks 

The experimental set up used in the present thesis was described by Di 

of neurodegeneration in PD, elicited by dysfunctional protein degradation 

pathways in iPSC-derived astrocytes from LRRK2-PD patients. iPSC generated 

from healthy donors and Parkinson’s disease patients carrying the LRRK2G20192 

mutation were differentiated towards dopaminergic neurons and astrocytes. 

Control DAn cultured on top of LRRK2-PD astrocytes displayed signs of 

PD astrocytes (see Fig. 10). On the other hand, control astrocytes could partially 
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Figure 8. Morphological alterations of PD-iPSC-derived dopaminergic neurons.

PD-iPSC-derived neurons display signs of neurodegeneration (neurite shortening). 
d. Representative image of TH and Cleaved Caspase 3 double positive DAn. e. 
Quantitative analysis of percentage of DAn showing cleaved caspase 3 staining 
representing death cells. f. Representative image of a control-iPSC-derived DAn 
showing a healthy morphology. g-h. Quantitative analysis of the number of neurites 
per DAn and the neurite length (Adapted from Sánchez-Danés et al., 2012). 

Figure 9. 
neurons.

in ID- and LRRK2-iPSC-derived neurons (Adapted from Sánchez-Danés  et al., 2012). 
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prevent the appearance of PD-related phenotypes in PD DA neurons. In deep 

chaperone mediated autophagy (CMA) and macroautophagy and a progressive 

dopaminergic neurodegeneration (Di Domenico, 2019). Our study is the only 

analysis of the impact of LRRK2G20192 astrocytes on neurodegeneration in a 

human iPSC model.

Other groups have studied the alterations related to the LRRK2G20192 mutation 

accumulation, Sonninen et al. (2020) described metabolic alterations in iPSC-

derived LRRK2G20192 astrocytes. They found decreased mitochondrial respiration 

Figure 10. Graphical abstract summarizing results obtained in di 
Domenico et al., 2019 study. 
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More recently, Ramos-Gonzalez et al., 2021, found a loss of complexity and key 

astrocytic markers in LRRK2-PD astrocytes. In addition, astrocytes displayed 

aberrant mitochondrial morphology and functionality together with increased 

glycolysis and production of ROS.
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In our laboratory, we have developed a genuinely human PD model taking 

advantage of the iPSC technology that recapitulates the two pathological 

hallmarks of Parkinson’s disease. PD iPSC-derived dopaminergic neurons (DAn) 

et al., 2012). We also demonstrated that the LRRK2G2019S inhibits chaperone-

dopaminergic neurons (Orestein et al., 2013). More recently, we have shown 

that, similarly, iPSC-derived astrocytes harboring the LRRK2G2019S mutation 

CMA. More importantly, control DAn cocultured with LRRK2-PD astrocytes 

displayed neurodegenerative phenotype and accumulation of astrocytic 

Taking advantage of our PD model, the main objectives of this thesis are to: 

1. Evaluate the metabolic activity and the mitochondrial functions in 

a. generate an enriched population of pure astrocytes from LRRK2-PD-

b. characterize the newly generated LRRK2-PD and Ctrl astrocytes;

OBJECTIVES
CHAPTER 2
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c. carry out comparative systematic analyses of astrocytes differentiated 

from LRRK2-PD and Ctrl iPSC for: i) morphological alterations of 

mitochondrial network; and ii) metabolic activity.

2. Investigate whether mitochondrial alterations in LRRK2-PD 

astrocytes impact on neurodegeneration in PD.

a. generate DA neurons from control iPSC;

b. establish a co-culture between LRRK2-PD astrocytes and control 

dopaminergic neurons to study their possible pathological crosstalk.
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MATERIALS AND METHODS

iPSC information

Six different iPSC lines were used in this study that were previously 

generated and characterized in the laboratory as described in Sánchez-Danés et 

al., 2012 and di Domenico et al., 2019 (see table 1). We used two control iPSC 

from three LRRK2 Parkinson’s disease patients carrying the G2019S mutation 

(Sánchez-Danés et al., 2012). In addition, using the CRISPR/Cas9 technology 

an isogenic line was generated from one of the mutant lines as described in di 

Domenico et al., 2019.

Generation of iPSC-derived astrocytes 

et al., 2019 (see Fig. 11). Embryoid bodies (EBs) were generated from iPSC 

CHAPTER 3

Code Sex Age of 
biopsy

Age of 
onset

Mutation Source

CTL SP09 male 66 Sanchez-Danes

SP11 female 48 Sanchez-Danes

PD SP06 male 44 33 LRRK2-G20129S Sánchez-Danés

SP12 female 63 49 LRRK2-G20129S Sánchez-Danés

SP13 female 68 57 LRRK2-G20129S Sánchez-Danés

ISO PD SP13 WT/WT female 68 57 Corrected Di Domenico

Table 2. iPSc lines used in this study.
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and cultured in suspension on nonadherent plates for two days. EBs were then 

plated on Matrigel (Corning) coated plates for ten days in DMEM/F-12 (Gibco), 

1% NEAA (Lonza), 1% UltraGlutamine (Lonza), 1% Penicillin/Streptomycin 

(P/S) (Lonza), 1% N2 supplement (Gibco) and supplemented with 20ng/ml 

b-FGF (Peprotech). Neuronal structures such as neural rosettes and neural tubes 

were mechanically cut and picked to culture in suspension in nonadherent plates 

for 4 weeks. The structures were cut every week and cysts and necrotic parts were 

removed until spherical neural masses (SNMs) were formed as homogenous 

and bright spheres of neuroectodermal progenitors. 

The SNMs were kept in suspension for astrocyte progenitors induction for 

3 weeks in induction medium (DMEM/F-12 (Gibco), 1% NEAA (Lonza), 1% 

UltraGlutamine (Lonza), 1% P/S (Lonza), 1% N2 supplement (Gibco), 0,1% 

B27 supplement (Gibco) supplemented with LIF (20ng/ml, Peprotech) and 

EGF (20ng/ml, Peprotech) and cut once every week. Then, for three more 

weeks in propagation medium (DMEM/F-12 (Gibco), 1% NEAA (Lonza), 1% 

UltraGlutamine (Lonza), 1% P/S (Lonza), 1% N2 supplement (Gibco), 0,1% 

B27 supplement (Gibco) supplemented with b-FGF (20ng/ml, Peprotech) 

and EGF (20ng/ml, Peprotech). At this point, SNMs were disaggregated to 

be plated as a monolayer as it follows. SNMs were cut into small pieces and 

Figure 11. Diagram of the protocol for astrocyte generation.
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incubated with accutase (Corning) for 15 minutes at 37ºC. Next, the spheres 

were mechanically disaggregated with the micropipette, centrifuged and plated 

on matrigel-coated plates in propagation medium for two weeks. The cells were 

were cultured in CNTF medium (Neurobasal (Gibco), 1% NEAA (Lonza), 

1% UltraGlutamine (Lonza), 1% P/S (Lonza), 0,2% B27 supplement (Gibco) 

supplemented with 10ng/ul of CNTF (Peprotech)) for another 14 days. Cells 

were passage 0 astrocytes and could be frozen in DMSO with 10% fetal bovine 

serum (FBS). Astrocytes were used at passage 4 for all the experiments.

Generation of iPSC-derived dopaminergic neurons

Ventral midbrain dopaminergic neurons were generated from a control iPSC 

line as described in ref. Carola. The protocol was optimized in the laboratory 

using as references the Kriks et al. (2011) and Fedele et al. (2017) protocols. 

iPSCs were seeded on matrigel-coated 6-well plates at a density of 3x105 cells/

point, medium was changed to SRM medium, containing KO-DMEM (Gibco) 

supplemented with 15% KO-serum replacement (Gibco), 1% UltraGlutamine 

(Lonza), 1% NEAA (Lonza) and 55uM of mercaptoethanol (Sigma). Until day 

From day one to seven, 1uM of SAG (Millipore), 2 uM of Purmorphamine 

(Tocris) and 100ng/ml of FGF8 (Peprotech) were added to the medium. 3uM 

SRM was gradually changed to N2 medium containing Neurobasal (Gibco), 

supplemented with 1x N2 (Gibco), 1% P/S (Lonza) and 1% Ultraglutamine 

(Lonza). Cells were maintained with 100nM of LDN (Sigma) and 3uM of CHIR 

(Miltneyi Biotec) from day seven until day 11. Next, the maturation phase 

included medium change to B27 medium, containing Neurobasal (Gibco), 



36 Materials and methods

supplemented with 2x B27 (Gibco), 1% UltraGlutamine (Lonza), 1% P/S 

(Lonza) plus the maturation factors BDNF (20ng/ml, Peprotech), GDNF (20ng/

ml, Peprotech), TGF-beta3 (1ng/ml, Peprotech), AA (200uM), dcAMP (500uM, 

Sigma) and DAPT (10uM, Calbiochem). Finally, at day 20 DA progenitors 

were passage to 24-well plates coated with poly-L-ornithine (Sigma), laminin 

B27 medium was changed every two days until day 35 when the DA neurons 

were fully mature.

Neuron-Astrocyte co-culture system

PD astrocytes (SP13) and isogenic astrocytes (SP13 wt/wt) were plated on 

matrigel coated 24-well plates at a concentration of 2x104 cells/well. After one 

week of astrocyte culture, mature control DAn (SP11) that were 35-day-old, 

were detached using diluted accutase (Corning) and plated on top of astrocytes 

at a concentration of 50·104 cells/well. Co-cultures were maintained for four 

weeks in B27 medium without maturation factors with medium changes twice 

per week.

PBS (Lonza) for 15 minutes, three times. Cells were blocked in blocking 

solution consisting of TBS1x with 3% of normal donkey serum (Millipore) and 

0,01% triton X-100 (Sigma) for 2 hours. Primary antibodies were incubated 

for 48 hours in the same blocking solution and then washed three times for 15 

minutes. Cells were blocked again for one hour and secondary antibodies were 

incubated for two hours using the same blocking solution. Cells were washed 

and DAPI was incubated for 10 minutes. After washing the cells, the samples 
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were mounted with 2,5% PVA/DABCO mouting solution (Poly (vynil alcohol) 

and 1,4 diazabicyclo [2.2.2.] octane botch from Sigma). Primary antibodies used 

GFAP gp (1:1000, synaptic Systems), GFAP rb (1:1000, Dako), TOM20 m 

(1:1000, BD Bioscience), TOM20 rb (1:125, Santa Cruz), dsDNA m (1:250, 

Progen), DRP1-PS616 rb (1:400, Cell Signaling), LAMP1 (1:100, Hybridoma 

Bank Iowa University), LC3B (1:100, Cell Signaling), TH rb (1:1000, Sigma). 

All secondary antibodies were acquired at Jackson ImmunoResearch and used 

at 1:200.

Protein extraction

Astrocytes were culture for 72 hours on matrigel-coated 6-well-plates at a 

concentration of 2x105 cells/well in CNTF medium. Cells were washed twice 

with PBS and accutase (Corning) was added to detach the cells. After 6 minutes 

of incubation at 37ºC, cells were harvested with DMEM/F-12 with 10% of fetal 

bovine serum (FBS). Astrocytes were centrifuged at 4000 rpm for 5 minutes 

and the supernatant discarded. Pellet was then washed with PBS and cells were 

again centrifuged at 4000 rpm for 5 minutes. After discarding the supernatant, 

pellet was kept at -80ºC until use.

Astrocyte pellets were resuspended in RIPA protein extraction buffer (Sigma) 

supplemented with protease inhibitor (Roche). Supernatants containing the 

Bradford (Bio-Rad) and a plate reader at 594 nm.

Western blot

Samples were diluted to the desired concentration in Laemmli Sampe Buffer 
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minutes. At this point, 15 μg per sample were charged in 7-15% acrylamide gels 

for electrophoresis at 120V for 1 hour. Next, cell extracts were transferred to 

a nitrocellulose membrane (Sigma) in ice at 350A for 120 minutes. Membranes 

were then submerged in Ponceau solution to detect the presence of proteins 

and washed right after with TBS with 0,1% tween 15 minutes for three 

times. Samples were then blocked with 5% milk or 3-5% BSA and primary 

antibody incubated overnight at 4ºC. Membranes were washed again in TBS-

0,1% tween and incubated with peroxidase-conjugated secondary antibody 

(1:2000, Amersham) 1 hour at room temperature. After revealing using ECL 

(Amersham) in a Chemidoc (Bio-Rad), alpha-tubulin (1:1000, Sigma) as 

a loading control was incubated for 1 hour at room temperature and washed with 

TBS-0,1% tween. Finally, and after peroxidase-conjugated secondary antibody 

incubation, the membrane was revealed using a ECL in a Chemidoc. Protein 

and normalized by alpha-tubulin expression. Primary antibodies used DRP1-

PS616 rb (1:1000, Cell Signaling), DRP1 m (1:2000, BD Bioscience), MFN1 rb 

(1:1000, Cell Signaling), MFN2 rb (1:1000, Cell Signaling), OPA1 m (1:1000, 

BD Bioscience), TIM44 rb (1:1000, Abcam), VDAC (1:1000, Abcam), and 

TOM20 rb (1:1000, Santa Cruz Technologies).

RNA extraction and gene expression analysis

The isolation of total mRNA was performed with the RNeasy Mini Kit and 

treated with RNase free DNase I (Qiagen). 500ng were used to synthesize cDNA 

with the SuperScript III Reverse Transcriptase Synthesis Kit (Invitrogen). 

Quantitative RT-PCR analyzes were done in triplicate using 2ng/ul cDNA with 

Platinum SYBR Green qPCR Super Mix (Invitrogen) in an ABI Prism 7000 
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3’ and Rv 5’ TCAAAACGGTCCCTCAGTTC 3’; TFAM gene Fw 5’ 

CCGAGGTGGTTTTCATCTGT 3’ and Rv 5’ GCATCTGGGTTCTGAGCTTT 

3’; Nrf1 gene Fw 5’ TGAGAGGGCCAAGCAAAG 3’ and Rv 

GATCATTGCTCCTCCTGAGC 3’ and Rv 5’ ACATCTGCTGGAAGGTGGAC 

3’.

was measured by quantitative real-time PCR approach using SybrGreen and 

tRNALeu(UUR) Fw 5’ CACCCAAGAACAGGGTTTGT 3’ and Rv 5’ 

TGGCCATGGGTATGTTGTTA 3’) and nuclear ß-2-microglobulin (ß2M) 

Rv 5’ TCTCTGCTCCCCACCTCTAAGT 3’).  

Flow cytometry

The mitochondrial membrane potential was measured using the TMRM 

probe (Life Technologies). Astrocytes were tested by plating 5x104 cells per 

well of a 12-well plate in CNTF medium three days before the assay. As a control 

for 30 minutes. Then, astrocytes were incubated with 200nM of TMRM for 

30 minutes. As a negative control, astrocytes were not incubated with TMRM. 

Cells were washed with PBS, incubated with trypsin without phenol red for 

5 minutes at 37ºC and neutralize with medium without phenol red with 10% 

FBS. Fluorescence was measure with a MoFlo Astrios (Beckman Coulter) 
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as a percentage of the control line.

plasmid 

Direct detection of mitophagy events was done using the mt-Keima plasmid 

(56108, Addgene). Control, PD and isogenic astrocytes were seeded on μ-Slide 

4 Well ibiTreat (IDIDI) at a density of 3x104 cells/well in CNTF medium. 

After three days of culture, the mt-Keima plasmid was transfected using the 

Lipofectamine Stem Transfection Reagent (Life Technologies) following 

manufacturer’s instructions. After 24 hours medium was changed. The following 

day, astrocytes were treated with 50 μM of Urolithin A 24 hours before the 

imaging and with 5 μM of CCCP 16 hours prior the imaging. Live astrocytes 

were imaged using the confocal microscope Zeiss LSM880. Mitophagy events 

were analyzed using the mito-QC Counter plugin from Fiji. Among all the 

results obtained, information about mitolysosomes area relative to astrocytes 

Glutamate uptake assay

To quantify the glutamate uptake of the astrocytes the glutamate assay kit 

(ab138883, Abcam) was used. 2x105 astrocytes were plated in each well of 

6-well plate in CNTF medium three days before the assay was performed. After 

washing with PBS, astrocytes were incubated with Buffered Salt Solution (BSS) 

with 1uM glutamic acid for 10 minutes at 37ºC. Then, medium at time 10 and at 

time 0 (BSS with 1uM glutamic acid) were analyzed with the glutamate assay 

kit used according to the manufacturer’s instructions. As a negative control BSS 

without glutamic acid was used.
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Agilent Seahorse XF Cell Mito Stress Test

The Agilent Seahorse XF Cell Mito Stress Test (103015-100, Agilent) 

rate (ECAR) being OCR proportional to mitochondrial respiration and ECAR 

glycolysis. During the assay, different compounds are added sequentially to the 

medium to measure different parameters related to mitochondrial function (see 

Fig. 12). After the basal OCR is measured, the inhibitor of the ATP synthase 

(complex V) oligomycin is added to the medium. It is used to determine to 

ATP production link to respiration. The FCCCP is next added as an uncoupler 

that disrupts the mitochondrial membrane potential. As the proton gradient is 

the oxygen consumption rate by complex IV reaches its maximum. Apart from 

the maximal OCR, the spare respiratory capacity is also measured calculated as 

the difference between maximal and basal respiration. It is a sign of the ability 

of the cell to respond to an energy challenge. Finally, rotenone, inhibitor of 

complex I; and antimycin, inhibitor of complex III, are added. At this point 

the mitochondrial respiration is completely inhibited and it is measured the 

nonmitochondrial respiration.

Figure 12. 
inhibitors used and key mitochondrial functional parameters measured.
From Agilent Seahorse XF Cell Mito Stress Test Kit User Guide.
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For the measurement of the OCR of PD and isogenic astrocytes, the 24-well 

format of the Agilent Seahorse XF Cell Mito Stress Test was used and 4,5x104 

astrocytes per well were seeded. Concentration of the inhibitors were the 

following: Oligomycin, 3 μM; FCCCP, 2 μM; Rotenone, 1 μM; and Antimycin, 

2 μM.

ROS production measurement

Astrocytes were seeded on Matrigel coated 12-well plates for two weeks in 

CNTF medium at a density of 5x104 cells/well. For treated astrocytes Urolithin 

A was added at 50 μM for the last three days of culture. Hydrogen peroxide 

was added diluted 1:25 for 10 minutes. Next, 500 μM of DCFH2-DA (Sigma) 

diluted in ethanol was added to each well. Absolut ethanol was used as a negative 

control. After one hour of incubation at 37ºC, cells were harvested using 200ul 

of cold PBS with 1% triton. Samples were placed in 96 well-plates and the 

normalized by protein concentration measured using the BCA kit.

OxyBlot assay

In order to quantify the protein oxidation in our astrocytes, 5x105 control, 

PD and isogenic astrocytes were plated on Matrigel-coated 12-well-plates for 

two weeks in CNTF medium. Before collecting the cells, hydrogen peroxide 

was added to one well as a positive control. Pellets were performed as explained 

Detection of protein oxidation was performed using the OxyBlot Protein Oxidation 

Detection Kit (S7150, Sigma) following the manufacturer’s instructions. In 

(DNP-hydrazone) by reaction with 2,4-dinitrophenylhydrazine (DNPH). Then 
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proteins were separated using a 12% acrylamide gel and a western blot was 

performed using anti-DNP antibody. 

Image acquisition and analysis

All images were acquired using a Zeiss LSM880 confocal microscope using 

40x and 63x objectives. Images were analyzed using Fiji - Image J software 

elongated was done manually using cell counter plugin in Fiji. Perinuclear 

astrocytes with two concentric circles and measuring the corrected total cell 

and cytoplasmic Tom20 intensity was calculated. Nucleoids’ area was calculated 

selecting dsDNA staining channel and measuring it’s area that was normalized 

staining of astrocytes. Neurite length for dopaminergic neurons in co-culture 

experiments was calculated using the Simple Neurite Tracer Fiji plugin. Number 

of terminals were manually counted for each neuron.
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RESULTS

1. iPSC-derived astrocytes generation and 
characterization

Using a previously published protocol optimized in the lab (Serio et al., 2013; 

di Domenico et al., 2019) astrocyte cultures were established from iPSC lines 

derived from LRRK2-G2019S PD patients (PD-SP06, PD-SP12 and PD-SP13) 

and a healthy control (CTL-SP09). An isogenic iPSC line, in which the mutation 

had been corrected in the original PD iPSC line, was also generated (ISO PD 

- SP13 WT/WT) using the CRISPR/Cas9 technology (See table 2 in Materials 

(SNM) containing neuroectodermal progenitors. The SNMs were cultured in 

suspension and induced towards astrocytic fate. Next, SNMs were desegregated 

and plated as a monolayer for the last step of astrocyte differentiation. 

As a monolayer, astrocytes were passaged to reach maturation stage and the 

purity of the culture was near to 100% of astrocytes (see Materials and Methods). 

astrocytic identity. 

For this purpose, immunocytochemistry detection of CD44 as marker for 

In addition, no staining for the oligodendrocyte marker neuron-glial antigen 

CHAPTER 4 
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Figure 13. iPSC-derived astrocytes express astrocytic markers and are functional.
a. Representative images of astrocytes from one control line (SP09), three PD lines 
(SP06, SP12, SP13) and one isogenic line (SP13 wt/wt) stained positive for the astrocyte 

some cells expressing neuronal marker TUJ1. Scale bar, 100 μm. b. Astrocyte cultures 
are composed by around 90% of astrocytes and 10% by neurons and other cell 
types. Data are averages ± s.e.m. of at least three independent experiments. c. 

the ability of the different iPSC-derived astrocyte lines to uptake glutamate. Data 
are averages ± s.e.m. of two independent experiments.
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2 (NG2) was detected and only few cells were positive for the neuron marker 

that 90% of the cells expressed the astrocytic marker GFAP, that less than 5% 

expressed the neuronal marker TUJ1 and the absence of oligodendrocytes (see 

Fig. 13b). Along with the characterization by immunocytochemistry detection, 

a functional analysis, to test whether the PD and CTL iPSC derived astrocytes 

were able to uptake of the cytotoxic neurotransmitter glutamate (Mahmoud et al., 

2019), was performed. The results showed no evident differences in glutamate 

all iPSC derived astrocytes were similar in their ability to generate comparable 

and functional astrocytes.

Altogether, these data support the successful generation of pure, mature and 

functionally astrocyte cultures from both groups.

2. Altered mitochondrial dynamics in PD astrocytes

2.1. Aberrant mitochondrial morphology and distribution in PD 
astrocytes

After performing the qualitative and functional characterization of the CTL 

and PD astrocytes, we carried out a detailed morphological analysis of their 

mitochondrial component (see Fig. 14a). For this purpose, immunostaining 

for translocase of outer membrane (TOM20), a marker for the mitochondrial 

external membrane, was carried out followed by manual mitochondria 

counting. Interestingly, 73% of the PD astrocytes presented mainly fragmented 

mitochondria compared to only 18% of control astrocytes and 10% of the 

isogenic astrocytes (see Fig. 14b).

We also noted that mitochondria in PD astrocytes were accumulated 
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preferentially in the perinuclear area of the cell (see Fig. 14a). In order to 

quantify this observation, the following analysis was performed (see Fig. 14c). 

First, we set a diameter for the perinuclear are that was equal for all lines. The 

both, perinuclear area and whole cytoplasm of the cell. Finally, a ratio between 

CTCF in the perinuclear area and the CTCF in the cytoplasm was calculated. 

Figure 14. 
mitochondrial distribution.
a. Representative ICC images of astrocytes stained for mitochondrial marker 
TOM20 showing fragmented mitochondria and accumulation of mitochondria in 
the perinuclear area. Second and forth columns are insets of images from their left. 
Scale bar, 50 μm. b. 73% of PD astrocytes present majority of mitochondria that are 
fragmented compared to less than 20% of control and isogenic astrocytes. Data are 
averages ± s.e.m. of at least three independent experiments. Unpaired t-test, asterisks 

c. The ratio of intensity of TOM20 
staining in the perinuclear area over the cytoplasm illustrates the accumulation of 
mitochondria in the perinuclear area preferably in PD astrocytes. Data are averages 
± s.e.m. of at least three independent experiments. Unpaired t-test, asterisks denote 
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times higher compared to both control and isogenic astrocytes.

The fact that this aberrant distribution was not observed in the control 

astrocytes and more importantly in the isogenic one, indicates that this defect 

together with the increased mitochondrial fragmentation are directly caused by 

the LRRK2 mutation.

2.2. 

The increase in mitochondrial fragmentation observed in PD astrocytes 

compared to healthy and isogenic controls suggested that mitochondrial 

dynamics was altered in the diseased astrocytes. Mitochondrial dynamics refers 

result elongated and interconnected mitochondria or fragmented mitochondria 

(Sebastián and Zorzano, 2018; Xie et al., 2018). To further determine whether 

proteins in both groups.  

The dynamin-related protein 1 (DRP1) is a fundamental component 

activated and translocated to the outer mitochondrial membrane promoting 

the phosphorylated or active form of the protein revealed increased levels of 

DPR1-P in PD astrocytes compared to control and isogenic lines (see Fig. 15a-

immunocytochemistry. Levels of total DRP1 showed no differences between 

control and PD astrocytes (see Fig. 15a and 15c).  

Three GTPases regulate fusion events, being these mitofusin 1 (MFN1), 

mitofusin 2 (MFN2) and optic atrophy gene 1 (OPA1). MFN1 and MFN2 are 

located in the outer mitochondrial membrane while OPA1 is located in the 
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Figure 15. 
to control.
a. Western blot of DRP1-P, total DRP1 and alpha-tubulin as a loading control. 
b. 
are averages ± s.e.m. of at least three independent experiments. Unpaired t-test, 

c.
DRP1 total levels in control, PD and isogenic astrocytes. Data are averages ± s.e.m. 
of at least three independent experiments. d and e. d. Western Blot of mitochondrial 

 
e. showing no differences between control and PD astrocytes. Data are averages ± 
s.e.m. of two independent experiments.

Figure 16. PD astrocytes display increased levels of DRP1-P protein.
a. Representative images of control, PD and isogenic astrocytes for mitochondrial 

� b. DRP1-P and TOM20 

at least three independent experiments. Unpaired t-test, asterisks denote statistically 
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inner mitochondrial membrane, promoting the fusion of both outer and inner 

membrane sequentially (Sebastián and Zorzano, 2018; Xie et al., 2018). Results 

of measuring levels of fusion proteins MFN1, MFN2 and OPA1 revealed no 

differences between control, mutant and isogenic astrocytes (see Fig. 15d-e). 

These results suggested that the increase in DRP1 phosphorylation is responsible 

for the increase in fragmentation on the mitochondria in PD lines.  

together with DRP1-P marker to label the mitochondria of iPSC derived 

astrocytes (see Fig. 16a). After 72 h in culture, PD astrocytes showed expression 

of DRP1-P localized in the mitochondrial membrane. After analysing the 

images, the PD astrocytes shown higher colocalization of TOM20 and DRP1-P 

abnormal fragmentation observed in PD astrocytes is related to an increase in 

were detected in levels of fusion-related proteins.

3. PD astrocytes display dysfunctional mitophagy

3.1. Mitochondrial protein accumulation in PD astrocytes

astrocytes showed that mitochondria were accumulated in the perinuclear area. 

our cells. We found that TOM20, voltage-dependent anion-selective channel 

1 (VDAC1) and mitochondrial import inner membrane translocase (TIM44) 

proteins were increased in mutant astrocytes (see Fig. 17a) compared to control 

and isogenic astrocytes (see Fig. 17b).
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3.2. Blockage of mitophagy upon CCCP activation in PD 
astrocytes

The aggregation of mitochondria, as we observed in our PD astrocytes, is an 

early phenomenon in mitophagy occurring before mitochondrial clearance. To 

determine whether the mitochondrial accumulation found in our PD astrocytes 

was due to an impaired mitophagy, cells were treated or not treated with carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP), a mitochondrial uncoupler for 24 

hours. After the CCCP treatment, astrocytes were collected to quantify levels of 

the mitochondrial protein TIM44 by WB (see Fig. 18a).

TIM44 levels were decreased in PD as well as control and isogenic astrocytes 

(see Fig. 18b). However, whereas levels of TIM44 in PD astrocytes decreased 

by 20%, in control and isogenic astrocytes it decreased up to a 50% and 

impairment of the mitophagy machinery in PD astrocytes.

Mitochondrial DNA is packed by many proteins to form a nucleoid that 

uniformly distributes within the mitochondrial matrix. Measuring nucleoids is 

as well reported to be a test for the clearance capacity of the cell. Previous 

results measuring TIM44 protein levels were followed up by immunostaining of 

dsDNA to label nucleoids before and after CCCP addition (see Fig. 19a).

Figure 17. PD astrocytes accumulate mitochondrial proteins.
a.
loading control. b.
Data are averages ± s.e.m. of at least three independent experiments. Unpaired 
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At basal levels, the area occupied by nucleoids in PD astrocytes compared to 

control and isogenic astrocytes is almost half indicating that mutant astrocytes 

display lower mtDNA copy number at basal levels. After CCCP addition, 

astrocytes. However, no differences were found in nucleoid area in PD astrocytes 

before or after CCCP treatment (see Fig. 19b).

Figure 18. Blockage of mitochondrial clearance in PD astrocytes.
a. 
of CCCP. b.
with or without the addition of CCCP. Data are averages ± s.e.m. of at least three 

 c.
in control, PD and isogenic astrocytes after the addition of CCCP. Data are averages 
± s.e.m. of at least three independent experiments. Unpaired t-test, asterisks denote 
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Figure 19. Nucleoid degradation is impaired in PD astrocytes.
a. Representatives ICC images of GFAP, TOM20 and dsDNA as a nucleoid marker 
in control, PD and isogenic astrocytes. Nuclei are stained with DAPI. Scale bar, 

b.
before and after the addition of CCCP. Data are averages ± s.e.m. of at least three 
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3.3. Impairment in the mitolysosomes formation in PD astrocytes

of the mKeima-Red-Mito-7 (mt-keima) plasmid (Information added in 

Material and Methods chapter). This plasmid fuses the Keima protein with the 

mitochondrial protein Cox8 to be targeted to the mitochondrial matrix. The 

peak from 440 nm in neutral pH environment (pH 8,00) to 586 nm in acidic 

pH environment (pH 4,50). In addition, it is resistant to lysosomal degradation 

(Katayama et al., 2011; Sun et al., 2015; Williams et al., 2017). This allows 

the direct detection of mitophagy events, as mitochondria labelled with mt-

Keima will turn red when undergoing degradation and therefore, transferred to 

a lysosome. Green signal will show the intact mitochondria (see Fig. 20a). 

Control and PD astrocytes were transfected with mt-keima and imaged live 

in basal state or after 16 hours of incubation with CCCP. After CCCP treatment, 

it was clear the increase in the number of mitochondria undergoing degradation 

on the bases of an increase in the number of red dots, represented as a mitophagy 

mask (see Fig. 20b, left panels). On the contrary, PD astrocytes showed the same 

number of mitolysosomes before and after the cells were incubated with CCCP 

from Fiji revealed that control astrocytes and isogenic astrocytes almost double 

the area occupied by mitolysosomes after adding CCCP, while no change is 

appreciated in PD astrocytes (see Fig. 20c-d). These results, being in line with 

Next, we did a colocalization analysis of TOM20 and the lysosome marker 
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(see Fig. 21a). Results were in line with the previous reported data as we found a 

lower colocalization between both markers in the PD astrocytes than in control 

and isogenic astrocytes (see Fig. 21b).

4. Biogenesis in PD astrocytes

Figure 20. Direct visualization of mitophagy impairment in PD astrocytes using mt-
keima plasmid.
a. Scheme of mt-Keima plasmid functionality. b. Representative live images of the 
mitophagy events measured using mt-Keima plasmid in control, PD and isogenic 

 
c and d. c) 
and the mitolysosomes mean area (d). Data are averages ± s.e.m. of at least three 

Figure 21. PD astrocytes failure to transfer mitochondria to lysosomes. 
a. Representatives ICC images of the colocalization of lysosomal marker LAMP1 and 
mitochondrial marker TOM20 in control, PD and isogenic astrocytes. Orthogonal 

 
b.  

Data are averages ± s.e.m. of at least three independent experiments. Unpaired 
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Taking into consideration the fact that both mitophagy and mitochondrial 

biogenesis are crucial for the proper mitochondrial health, we next investigated 

whether our PD astrocytes present not only a blockage in mitophagy but also an 

alteration in mitochondrial biogenesis. 

To this end, the expression of genes related to mitochondrial biogenesis, 

factor 1 (NFR1 were measured). Levels of the expression of the three genes were 

TFAM (see Fig. 22).

Figure 22. Decreased expression of mitochondrial biogenesis-related genes in PD 
astrocytes compared to isogenic astrocytes.

NFR1. Data are averages ± s.e.m. of at least three independent experiments. Unpaired 
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5. Dysfunctional mitochondria are present in PD 
astrocytes

We further investigate the functionality of the mitochondria by measuring 

the mitochondrial DNA copy number and mitochondrial membrane potential as 

they are two techniques which easily reports on mitochondrial function.

After harvesting control, PD and isogenic astrocytes, a DNA extraction was 

result suggested a decreased functionality in PD astrocytes compared to control 

astrocytes. Surprisingly, no changes in mitochondrial DNA copy number were 

found between PD and isogenic lines (see Fig. 23a).

The mitochondrial activity was also evaluated by testing the mitochondrial 

membrane potential, as it is known to be a sign of active mitochondria, using 

tetramethylrhodamine, methyl ester (TMRM). TMRM is a cell-permeant dye 

that accumulates in mitochondria with intact membrane potential. Cells were 

intensity indicating a decreased mitochondrial activity compared to control and 

isogenic astrocytes (see Fig. 23b).

In order to go deeply in the understanding of mitochondrial functionality of 

PD astrocytes, we performed a Seahorse assay. The Seahorse assay measures 

the oxygen consumption rate (OCR) being it proportional to mitochondrial 

respiration. During the assay, different compounds are added sequentially to the 

medium to measure different parameters related to mitochondrial function (see 

Materials and Methods). 

The results of the Seahorse assay unveil a dysfunction of the mitochondria 

from the PD astrocytes compared to the isogenic astrocytes as they presented 

less oxygen consumption rates (see Fig. 23c). Differences were observed both 
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at basal and maximal respiration plus a lower ATP production (see Fig. 23d).  

PD astrocytes.

Figure 23. PD astrocytes present dysfunctional mitochondrial.
a. mtDNA copy number from control, PD and isogenic astrocytes. Results are 
shown as relative fold change to control cells. Data are averages ± s.e.m. of at 
least three independent experiments. Unpaired t-test, asterisks denote statistically 

b
decreased mitochondrial membrane potential in PD astrocytes relative to levels of 
control line. Data are averages ± s.e.m. of at least three independent experiments. 

 
c. Representative OCR measurement of PD and isogenic astrocytes. OCR is 
normalized by protein. OCR measured in basal conditions and after (a) oligomycin, 
(b) FCCP and (c) rotenone and antimycin addition. d.
maximal respiration and mitochondrial ATP production of PD astrocytes compared 
to isogenic astrocytes. Data are averages ± s.e.m. of two independent experiments. 
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6. PD astrocytes exhibit increased sensitivity to oxidative 
stress 

Being the mitochondria a basic actor for the maintenance of the balance 

decided to measure the reactive oxygen species (ROS) levels in the astrocytes. 

mutant astrocytes presented an increased sensitivity to oxidative stress compared 

to control and isogenic astrocytes (see Fig. 24a). 

detect the carbonyl groups introduced into proteins by oxidative reactions. 

In the Oxyblot assay, the carbonyl groups in the protein are derivatized 

to 2,4-dinitrophenylhydrazone (DNP-hydrazone) by reaction with 

2,4-dinitrophenylhydrazine (DNPH). After that, a western blot is done in which 

Figure 24. PD astrocytes exhibit increased oxidative stress compared to control and 
isogenic astrocytes.
a.
PD astrocytes compared to control and isogenic astrocytes. Data are averages ± 
s.e.m. of at least three independent experiments. Unpaired t-test, asterisks denote 

b. 
of carbonylated protein levels showing altered oxidative condition of PD astrocytes 
in comparison to control and isogenic astrocytes. Data are averages ± s.e.m. of at 
least three independent experiments. Unpaired t-test, asterisks denote statistically 

c. Representative image of an oxyblot 
assay blot.
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a primary antibody anti-DNP is used. A higher oxidation of the proteins was 

detected in the mutant astrocytes compared to control and isogenic astrocytes 

astrocytes.

7. Urolithin A rescues mitochondrial alterations 
promoting mitophagy

As we have already shown, PD astrocytes present an impairment in the 

mitophagy machinery that leads to an accumulation of fragmented and 

dysfunctional mitochondria inside the cell with a consequent increase in ROS 

production. Moreover, mitochondrial biogenesis was found diminished and 

mitophagy was blocked suggesting an impaired turnover of mitochondria in PD 

astrocytes. 

We next investigated whether enhancing mitochondrial clearance activity 

would ameliorate mitochondrial dysfunction in PD astrocytes. PD astrocytes 

were treated with 50uM Urolithin A (UA), which promotes mitophagy, 

Mitochondrial fragmentation in PD astrocytes, treated with UA, diminished 

and recovered the typical organization and distribution observed in control and 

isogenic astrocytes. (see Fig. 25).

Mitochondrial clearance was also measured using mt-keima plasmid in live 

astrocytes treated with 50uM of UA for 24h. The mitophagy impairment was 

rescued since mitolysosomes area was double in size after adding UA together 

with CCCP in mutant astrocytes (see Fig. 26). Mitochondrial clearance was 

also measured using mt-keima plasmid in live astrocytes treated with 50uM of 

UA for 24h. The mitophagy impairment was rescued since mitolysosomes area was 

double in size after adding UA together with CCCP in mutant astrocytes (see Fig. 26).
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Next, the effect of UA treatment in mitochondrial biogenesis PD astrocytes 

and NFR1 was increased and normalized to levels of the isogenic astrocytes 

(see Fig. 27a).

Finally, we determined the levels of ROS production in PD astrocytes treated 

with UA. Results revealed that activation of mitophagy using UA not only 

Figure 25. Urolithin A rescues mitochondrial fragmentation in PD astrocytes.
a. Representative ICC images of mitochondrial marker TOM20 in PD astrocytes in 
basal conditions and after treatment with Urolithin A and isogenic astrocytes as a 

b. PD astrocyte cultures after treatment with Urolithin A 
display similar number of cells with fragmented mitochondria compared to isogenic 
astrocyte culture in basal conditions. Data are averages ± s.e.m. of at least three 

c. The treatment with Urolithin A corrects the perinuclear 
localization of mitochondria in PD astrocytes. Data are averages ± s.e.m. of at 
least three independent experiments. Unpaired t-test, asterisks denote statistically 

Figure 26. Urolithin A promotes mitophagy.
a. Representative live images of the mitophagy events measured using mt-Keima 
plasmid in PD and isogenic astrocytes in basal conditions and after the addition of 

b
of the cell occupied by mitolysosomes demonstrating that UA promotes mitophagy 
in PD astrocytes. Data are averages ± s.e.m. of at least three independent 
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restored mitochondrial network and turnover but also recover their function, as 

ROS levels in treated PD astrocytes were similar to the levels of the isogenic 

astrocytes (see Fig. 27b). 

Taken together these results indicates that promotion of mitophagy in PD 

astrocytes with urolithin A recover mitochondrial health and functionality.

Figure 27. Urolithin A treatment promotes mitochondrial biogenesis and prevents 
oxidative stress.
a. Expression of genes related with mitochondrial biogenesis is increased after UA 

b. Treatment with Urolithin A 
normalizes the levels of ROS production in PD astrocytes when compared to isogenic 
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8. Contribution of astrocytic mitochondrial 
dysfunctional to dopaminergic degeneration 

8.1. PD astrocytes promotes neurodegeneration in control 
dopaminergic neurons

We have previously described the contribution of PD astrocytes to the 

neurodegeneration of dopaminergic neurons that was prevented by promoting 

the chaperone mediated autophagy in astrocytes (di Domenico et al., 2019). 

To determine whether the mitochondrial dysfunction in PD astrocytes can also 

contribute on DAn neurodegeneration, we established a co-culture system 

by culturing DAn derived from CTL iPSC together with PD astrocytes. 

Dopaminergic neurons were generated from healthy individuals using a previous 

published protocol (Kriks et al., 2011; Fedele et al., 2017) optimized in the lab. 

Once dopaminergic neurons were mature, the culture was dissociated and plated 

neuron marker tyrosine hydroxylase (TH) to determine the morphology of the 

dopaminergic neurons (see Fig. 28a).

We found that both neurite length and number of terminals of the dopaminergic 

neurons were decreased in the co-culture with the PD astrocytes in comparison 

to the co-culture with the isogenic astrocytes (see Fig. 28b-d). These results 

mutation in LRRK2 in astrocytes drives neurodegeneration.
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8.2. Rescue of mitochondrial alterations in astrocytes prevents 
degeneration of DA neurons in co-culture 

Then, to evaluate whether the treatment with Urolithin A would prevent 

the neurodegeneration observed in DAn when co-cultured with PD astrocytes, 

isogenic and PD astrocytes were co-cultured with control DAn and treated with 

Figure 28. 
control DAn.
a. Diagram of co-culture system and a representative ICC image of Control DAn 
(TH) cultured on top of isogenic astrocytes (GFAP). b. Representative ICC images 
of control DAn (TH+) cultured on top of PD astrocytes and Isogenic astrocytes. 
c and d. c) and number of terminals (d) of TH 
positive cells co-cultured on astrocytes showing increased number in co-culture with 
isogenic astrocytes.
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urolithin A for 4 weeks. After the treatment, we observed an increase in the 

neurite length and the number of terminals in the neurons co-cultured with PD 

found in DAn cultures not co-cultured with astrocytes before and after UA 

treatment (see Fig. 29b-c).

Figure 29. Mitophagy inducer Urolithin A rescues mitochondrial alterations in 
astrocytes preventing neurodegeneration in co-culture.
a. Representative ICC images of control DAn (TH+) cultured on top of PD astrocytes 
and Isogenic astrocytes in basal conditions and after the addition of Urolithin A. 
b and c. b) and number of terminals (c) of TH 
positive cells co-cultured on astrocytes showing an improvement after the treatment 
with Urolithin A. These results suggested that the improvement of the mitochondrial 
alterations via promotion of mitophagy in astrocytes prevents degeneration of 
dopaminergic neurons.
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CHAPTER 5

DISCUSSION

Parkinson’s disease (PD) is the second most common neurodegenerative 

disease. Around 80 years of age, 5% of the general population manifest 

symptoms of this disease. Current symptomatic therapies compensate the 

alleviate the loss of autonomic, olfactory, sleep, affective and cognitive abilities. 

The locomotor impairment of PD patients is mainly caused by the degeneration 

of dopaminergic neurons projecting from the midbrain substantia nigra (SN) 

to the basal ganglia striatum, a pathological process which is accompanied 

microscopically by the formation of protein aggregates named Lewy bodies. 

Current therapies for PD are symptomatic and do not limit the progression of 

disability with time.  The pathogenesis of PD is complicated and remains unclear, 

but growing evidence suggests the involvement of mitochondrial and lysosomal 

dysfunction. Mitophagy, the process of removing damaged mitochondria, is 

compromised in PD patients and models, and was found to be associated with 

accelerated neurodegeneration.

Moreover, several PD-associated genes have functions directly or indirectly 

related to mitochondrial pathways. Besides the importance of mitochondrial 

dysfunction in dopaminergic neurons, astrocytic mitochondrial dysfunction 

has lately gain interest in the Parkinson’s disease research. As mitochondria 

function is link to key astrocytic functions there is the hypothesis that astrocytic 

mitochondrial dysfunction might have a detrimental effect on DAn survival. 
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The effect may come from a loss physiological functions of support or a gain of 

a toxic phenotype due to reactivity.

So far, there are only few studies that have analyzed in deep the mitochondrial 

dysfunction in human PD astrocytes and in particular astrocytes carrying the 

LRRK2G2019S mutation. More importantly, no previous research has demonstrated 

effect in dopaminergic neurons.

1. Characterization of iPSC-derived astrocytes

lines from healthy individuals and Parkinson’s disease patients carrying the 

LRRK2G2019S mutation. We found a purity of over a 90% GFAP positive cells 

and morphological and functional differences were not found between control 

(di Domenico, 2019) and in line with the results from Sonninen et al., 2020. 

However, Ramos-Gonzalez and colleagues in their study claim that LRRK2G2019S 

astrocytes are smaller and less complex compared to control astrocytes (Ramos-

Gonzalez et al., 2021). The different platform used to generate the astrocytes 

may contribute to the contradictory results obtained in the different reports.

2. Mitochondrial dynamics in Parkinson’s disease 
astrocytes

Several studies had linked G2019S mutation in LRRK2 to increased 

mitochondrial fragmentation in neurons (Niu et al., 2012; Wang et al., 2012). 

the same mutation, both elongated and interconnected mitochondria (Mortiboys 

et al., 2010), and increased mitochondrial fragmentation (Su and Qi, 2013; 
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Grunewald et al., 2014; Smith et al., 2016) were found using this system. In 

for fusion events. Higher levels of phosphorylated DRP1, the active form of 

the protein, were found in LRRK2-PD astrocytes whereas no differences were 

found in fusion-related proteins (see Fig. 15 and Fig. 16). These results indicate 

that increased mitochondrial fragmentation can be explained by increased 

that the increase kinase activity of LRRK2G2019S protein increases mitochondrial 

fragmentation via DRP1 activation (Wang et al., 2012; Ho et al., 2018).

3. Dysfunctional mitophagy as a pathogenic mechanism 
in Parkinson’s disease

It was not until 2016 that Hsieh et al. reported an impairment in mitophagy 

events due to G2019S mutation in LRRK2 in iPSC-derived neurons. Before, 

other studies stated that the mutation increases mitophagy events in PD patient 

in LRRK2 impairs PINK1/Parkin dependent mitophagy (Bonello et al. 2019; 

Korecka 2019) and that it occurs via phosphorylation of Rab10 (Wauters et 

al., 2020). With our study, we show that mitophagy is impaired in LRRK2-

results. We found accumulation of mitochondrial proteins (see Fig. 17) and a 

blockage of mitochondrial clearance upon CCCP addition. Both Tim44 protein 

CCCP and none or minimal differences were found in LRRK2-PD lines (see 
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Fig. 18 and 19). On the other hand, formation of mitolysosomes were analyzed 

by measuring the colocalization of TOM20 and LAMP1 markers and using 

the mtKeima plasmid, a method for the direct visualization of mitolysosomes 

formation in live cells, and results indicated that LRRK2-PD astrocytes 

failed to generate mitolysosomes (see Fig. 20 and 21). These results are the 

G2019S mutation in LRRK2. Several PD-related genes have been recognized to 

play a role in mitophagy as described above. This fact indicates that mitophagy 

may be relevant in PD pathology even though it has not been directly proven 

that plays an active role in it.

There is evidence that mitophagy and mitochondrial biogenesis are two 

processes closely connected and essential for the maintenance of healthy 

mitochondria (Palikaras et al., 2015; Sin et al., 2016; Ploumi et al., 2017). We 

have found that expression of key genes related to mitochondrial biogenesis was 

lower in LRRK2-PD astrocytes compared to control astrocytes (see Fig. 22). 

Since mitochondria are the major intracellular organelles that regulate both cell 

survival and death, clarifying the involvement of mitochondrial dysfunction and 

biogenesis in PD astrocytes could provide treatment strategies that might slow 

the progression of the disease.

4. Mitochondrial dysfunction in Parkinson’s disease 
astrocytes

Mutant astrocytes exhibit a decrease mitochondrial membrane potential (see 

Fig. 23b) that is indicative of mitochondrial dysfunction and should promote 

the clearance of mitochondria. However, the blockage of mitophagy in the 

mutant astrocytes led to a defective system in which the oxygen consumption 

rate and ATP production were diminished (see Fig. 23). As a consequence of 

the accumulation of dysfunctional mitochondria, LRRK2-PD astrocytes present 
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higher ROS production and oxidation of proteins (see Fig. 24). Increased ROS 

production, higher sensitivity to oxidative stress and increased vulnerability to 

rotenone and valinomycin, associated to increased kinase activity in LRRK2 

has been proven in many different PD models such as yeast, C.elegans, 

preceding studies in which the G2019S mutation has already been associated 

to dysfunctional mitochondria in iPSC-derived LRRK2 astrocytes (Sonninen et 

al., 2020; Ramos-Gonzalez et al., 2021). It is well known that A9 dopaminergic 

neurons are especially susceptible to the heightened ROS production (Schapira 

et al., 1990; Parker et al., 2008). In fact, most mice PD models are based on 

the addition of neurotoxins which promote oxidative stress and subsequently 

dopaminergic neural loss (Tieu, 2011). Astrocytes increased ROS production 

may also contribute to dopaminergic cell loss as it has been proven how induced 

expression of antioxidant genes in astrocytes prevent neurotoxic effect of MPTP 

and 6-hydroxydopamine (Liddell et al., 2017).

5. Mitophagy as a potential therapeutic target for 
Parkinson’s disease 

Upon a more in-depth investigation on mitochondria clearance, we found 

that the mitophagy was blocked in LRRK2-PD astrocytes which contribute 

to the increase in oxidative stress and changes in metabolism.  Taking into 

consideration that this important mechanism which involves selective 

sequestration and subsequent degradation of the dysfunctional mitochondrion 

seems to occur early during the development of the disease, we attempted to 

restore mitochondrial degradation by using a mitophagy inducer.

In recent years, Urolithin A has appeared as a novel and potent mitophagy 

inducer (Ryu et al., 2016). Urolithin A (UA) is a gut microbiota metabolite 



74 Discussion

from polyphenols that can cross the blood brain barrier. It promotes mitophagy 

subsequently to a reduction in the membrane potential, but it is not an uncoupler 

thus, not affecting respiration (Ryu et al., 2016). In a more recent study Andreux 

and colleagues demonstrated that Urolithin A promotes the expression of 

mitophagy- and biogenesis- related genes, leading to an overall improvement 

of cellular and mitochondrial health in humans (Andreux et al., 2019). These 

studies were focused on the muscle function however, the very interesting study 

in Alzheimer’s disease from Fang et al. focuses on restoration of mitophagy in 

iPSC-derived human AD neurons and animal AD models (Fang et al., 2019). 

They demonstrated that the treatment with UA promotes mitophagy in SH-

SY5Y neuroblastoma cells carrying Tau mutations and in both AD models, C. 

elegans and mouse. Consequently, cognitive decline link to AD was recovered 

in both systems. On the other hand, in iPSC-derived AD neurons OCR improved 

after the UA treatment. 

Given these characteristics, it is a candidate to rescue the mitochondrial 

alterations in LRRK2-PD astrocytes that appear subsequently to the mitophagy 

blockage.

Urolithin A addition, LRRK2-PD astrocytes presented overall healthier 

mitochondria. Upon activation of mitophagy (see Fig. 26), mitochondrial 

fragmentation was restored (see Fig. 25) and ROS production normalized (see 

TFAM and NRF1, increased (see Fig. 27b). These results indicate that Urolithin 

A rescues the mitophagy impairment caused by the LRRK2G2019S mutation in 

iPSC-derived astrocytes and improves mitochondrial functionality. 
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6. Restoration of mitostasis in PD astrocytes during co-
culture of control neurons with PD astrocytes

Despite the considerable potential of Urolithin A in the treatment of 

Parkinson’s disease pathology, few studies have focused on the effects of this 

polyphenol metabolite on prevention of DAn loss. Kujawska et al. demonstrated 

the neuroprotective effects of pomegranate (rich in polyphenols) juice, and 

of rotenone (Kujawska et al., 2020).

We have previously demonstrated that LRRK2-PD astrocytes co-cultured 

with dopaminergic neurons contribute to the neurodegeneration (di Domenico 

et al., 2019). Now we established a similar co-culture system and found that 

astrocytic mitochondrial dysfunction may also contribute to dopaminergic 

neuronal degeneration. Indeed, we found that in non-treated conditions control 

neurons show signs of neurodegeneration. Thus, we treated LRRK2-PD 

astrocytes with Urolithin A in co-culture with healthy neurons. Interestingly, we 

found that the treatment restored TH number, and decreased the number of TH 

degeneration in a human PD model. More importantly, we have demonstrated 

on the survival of DAn.
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CHAPTER 6

CONCLUSIONS

This study has revealed that LRRK2 mutant astrocytes present altered 

mitochondrial dynamics, altered mitophagy, increased oxidative stress, 

metabolic defects, that are most likely contributing to PD progression.

heathy individual and one from an isogenic corrected LRRK2-PD-iPSC, were 

successfully generated and fully characterized. In addition, human iPSC-derived 

dopaminergic neurons from a healthy individual, were also generated in order 

to devise a co-culture system and study the interaction between LRRK2G2019S-

bearing astrocytes and control neurons. 

• iPSC-derived astrocytes of LRRK2-PD patients (LRRK2G2019S PD) 

exhibited extensive perinuclear accumulation of fragmented mitochondria and 

• Fragmented mitochondria accumulated in LRRK2G2019S PD astrocytes 

due to a defective mitophagy leading to an increase in oxidative stress.

• Oxygen consumption rate, ATP production and mitochondrial membrane 
G2019S PD astrocytes indicating 

altered mitochondrial function in PD astrocytes. 
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• LRRK2G2019S PD astrocytes exhibited lower expression levels of 

mitochondrial biogenesis-related genes compared to control astrocytes.

• Correction of G2019S mutation in the LRRK2 gene by CRISPR-Cas9 

gene editing normalized mitochondria morphology, clearance and function 

and increased oxidative stress) to those of control astrocytes. 

• A mitophagy activator drug, Urolithin A, was able to rescue mitochondrial 

fragmentation and accumulation in LRRK2G2019S PD astrocytes by inducing 

mitophagy, promoting expression of mitochondrial biogenesis-related genes 

and reducing ROS production in those astrocytes. 

• In a co-culture system established between LRRK2G2019S PD astrocytes 

and healthy DA neurons, the treatment with Urolithin A, prevented neuronal cell 

death, suggesting a potential astrocyte-targeted therapeutic.

In conclusion, this study provides the advantage for using iPSC-based 

modeling for assessing the consequences of mitochondrial dysfunctions in 

astrocytes and dissecting the initial mechanisms that lead to neuronal cell loss in 

PD. This modeling has uncovered mitophagy dysfunction as a relevant altered 

mechanism in PD astrocytes whose activation might represent an interesting 

therapeutic option for counteracting PD-related neurodegeneration.
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Abstract
Parkinson’s disease is associated with intracellular α-synuclein accumulation and ventral midbrain dopaminergic neuronal death
in the Substantia Nigra of brain patients. The Rho GTPase pathway, mainly linking surface receptors to the organization of the
actin and microtubule cytoskeletons, has been suggested to participate to Parkinson’s disease pathogenesis. Nevertheless, its
exact contribution remains obscure. To unveil the participation of the Rho GTPase family to the molecular pathogenesis of
Parkinson’s disease, we first used C elegans to demonstrate the role of the small GTPase RAC1 (ced-10 in the worm) in
maintaining dopaminergic function and survival in the presence of alpha-synuclein. In addition, ced-10 mutant worms deter-
mined an increase of alpha-synuclein inclusions in comparison to control worms as well as an increase in autophagic vesicles.We
then used a human neuroblastoma cells (M17) stably over-expressing alpha-synuclein and found that RAC1 function decreased
the amount of amyloidogenic alpha-synuclein. Further, by using dopaminergic neurons derived from patients of familial LRRK2-
Parkinson’s disease we report that human RAC1 activity is essential in the regulation of dopaminergic cell death, alpha-synuclein
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accumulation, participates in neurite arborization and modulates autophagy. Thus, we determined for the first time that RAC1/
ced-10 participates in Parkinson’s disease associated pathogenesis and established RAC1/ced-10 as a new candidate for further
investigation of Parkinson’s disease associated mechanisms, mainly focused on dopaminergic function and survival against α-
synuclein-induced toxicity.

Keywords Parkinson’s disease .Dopaminergic neurons .Alpha-synuclein accumulation .Autophagy impairment .RAC1/ced-10

Introduction

Parkinson’s disease (PD) is the second most frequent neurode-
generative disorder in the elderly. While most of cases are spo-
radic, monogenic PD caused by pathogenic point mutations in
PD-associated genes occurs in less than 10% of cases (reviewed
in [1]). The common neuropathological hallmarks of PD in-
clude a selective loss of the dopaminergic neurons (DAn) in
the Substantia Nigra pars compacta and aggregation of the
protein alpha-synuclein (α-SYN) in the surviving DAn and in
the so called Lewy bodies (LB) and Lewy neurites (LN) which
are found in the few survivingDAn (reviewed in [2]).α-SYN is
intrinsically misfolded in pathological conditions such as PD
[3] and formsmultiple conformations, including amyloidogenic
oligomers [4, 5] implicated in α-SYN toxicity [6].

There exist evidences of an essential role of actin cytoskel-
eton disruptions in both DAn cell death [7, 8] and α-SYN
accumulation [9]. In fact, the cytoskeleton is an important
target of α-SYN [10] and neuronal microtubule-kinesin func-
tion could be impaired by α-SYN oligomers [11]. Actin cyto-
skeletal organization is regulated by small GTPases of the Rho
family encompassing Rho, Cdc42 and Rac subfamily mem-
bers [7]. These proteins act as molecular switches as they
alternate between the active GTP-bound and the inactive
GDP-bound forms [8, 16]. GTP binding increases the activity,
and the hydrolysis of GTP to GDP renders the protein inac-
tive. More specifically, RAC1 activity is mainly associated
with cellular processes involving the regulation of actin poly-
merization such as cell migration, lamellipodia extension or
the phagocytosis of dead cells or engulfment [12]. In addition,
RAC1 participates in the extension and retraction of neurites
[13] and, together with other members of the Rho family,
govern changes in neuronal morphology and the dynamics
of neuronal processes (reviewed in [8]).

RAC1 function has been associated with two PD-related
genes. We have previously shown in C elegans that RAC1 is
ubiquitylated by PARKIN [14], mutated in the juvenile variant
of PD. Likewise, Leucine-rich repeat kinase 2 (LRRK2), in
which mutations cause the most common form of familial PD
[15], strongly and selectively binds to RAC1 [16].
Furthermore, neuronal apoptosis induced in DAn in vitro is
correlated with decreased RAC1 activity [17]. In contrast, in a
monkeymodel of PD, it was suggested that aberrant activation
of RAC1 in microglia may contribute to enhanced production

of ROS underlying the death of neighboring DAn [18].
Therefore understanding the cytoskeletal mechanisms associ-
ated with DA cell death and α-SYN degradation is important
to elucidate other causative agents of the PD pathophysiology.

Autophagic flux is profoundly disrupted in PD patients
(reviewed in [1] and α-SYN is normally degraded by autoph-
agy [19]. Indeed, autophagy has been associated with PD
pathogenesis through several genes, such as LRRK2 [20],
ATG9A [21] or ATG8/LC3 [22], and cellular processes such
as lysosomal disruption [23, 24]. In addition, autophagy-
related gene products are required for apoptotic clearance,
either in dying cells or through a role in engulfment, in where
RAC1 has a pivotal role [25–27].

In the present study we have systematically investigated
RAC1 function in three disease models of PD including the
following: (a) C elegans models of PD; (b) human-derived
neuroblastoma BE(2) (M17) cells stably over-expressing α-
SYN, wherein amyloidigenic accumulation of α-SYN is in-
duced by sodium butyrate; and (c) iPSC-derived DAn generat-
ed by cell reprogramming of somatic skin cells from patients
with monogenic LRRK2-associated PD [20]. Using these
models, we determine for the first time that RAC1/ced-10 par-
ticipates specifically in PD-associated pathogenesis and estab-
lish RAC1/ced-10 as a new candidate to be considered for the
investigation of PD-associated mechanisms, mainly focused on
DA function and survival against α-SYN-induced toxicity.

Results

RAC1/ced-10 Cell-Autonomous Depletion in DAn
Hampers Dopamine- Associated Behavior
in the Presence of α-SYN and Accelerates α-SYN
Induced DAn Death in C elegans

We first investigated the role of RAC1/ced-10 in DAn function,
by performing behavioral assays through analyzing the DA
behavior in ced-10(n3246) mutant animals. The mutation ced-
10(n3246) is a G-to-A transition resulting in a change of glycine
60 of CED-10 to arginine (G60R) which results in non-null
altered function [28, 29]. The severity of this allele is stronger
in contrast to other ced-10 alleles (11). To explore the role of
ced-10 in PD pathogenesis, all the experiments included in this
study involving the ced-10 gene were performed in a ced-

7534 Mol Neurobiol (2018) 55:7533–7552
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10(n3246) mutant background. To simplify, ced-10(n3246) is
named ced-10 from here on.

The basal slowing response is a DA dependent behavior
widely used in C elegans for analyzing the functionality of
the DA system [30–32]. Briefly, worms decrease locomotion
speed when in physical contact with a food source whereas the
turn frequency increases when worms leave the food source
[31, 33]. The cat-2 gene encodes the enzyme tyrosine hydrox-
ylase required for the synthesis of dopamine. Accordingly, cat-
2(e1112)mutant worms have decreased levels of dopamine and
altered DA behavior [30, 33] and were used as positive control.

The locomotion speed of the nematodes, represented by the
body bends every 20 s, was measured in the absence/presence
of bacteria (+/−) (Fig. 1a). In a wild type background (wt back-
ground), both wild type and ced-10 animals decreased the lo-
comotion speed in the presence of food, thus showing unaltered
basal slowing response. In contrast, in cat-2(e1112)mutants the
locomotion speed was not significantly decreased by the pres-
ence of food (Fig. 1a wt background, and Table 1). Similarly to

the slow basal response, avoidance against ethanol is a sensory
behavior associated with DA signaling [34]. A slight decrease
was observed in the ethanol avoidance test performed in ced-10
mutant animals in a wt background (Fig. 1b wt background and
Table 2).

The absence of significant dopaminergic behavioral alter-
ations observed in ced-10 mutants might be the consequence
of compensating mechanisms existing in the worm that mask
the effect of ced-10 function specifically in DAn. To discard
any effect of ced-10 function onto DA responses, ced-10 was
depleted conditionally in DAn by RNAi, in a C. elegans PD
model in which DAn undergo age-dependent neurodegenera-
tion following humanα-SYN overexpression [35]. In this mod-
el, animals express both α-SYN and GFP in DAn. Importantly,
this is a neuronal-sensitive RNAi strain whereby the impact of
RNAi knockdown targeting gene candidates can be selectively
examined exclusively in the DAn [36] To simplify, this strain is
called Pdat-1::α-SYN + Pdat-1::GFP herein. Animals exposed
to ced-10 RNAi showed a mild but significant altered slow

Fig. 1 DAn function is hampered by specific depletion of RAC1/ced-10
in DAn expressing α-SYN in C elegans, aModulation of the locomotor
rate. Well-fed animals were transferred to assay plates without or with a
bacterial lawn (−/+) and 5 min later, the locomotor rate (body bends every
20 s) of each animal was analyzed. Statistical significance shows
comparison of the bending within same genotype animals (wild type,
ced-10(n3246) and cat-2 (e1112)) without (−) or with (+) bacteria.
RNAi experiments indicate Pdat-1::α-SYN +Pdat-1:: GFP worms fed
with EV (empty vector) or with the indicated RNAi clones. b Test of
ethanol avoidance. The percentage (%) of ethanol avoidance was

analyzed at the indicated genotypes. Statistical analysis shows
comparisons between wild type animals and mutants, and Pdat-1::α-
SYN +Pdat-1:: GFP worms fed either with EV (empty vector) or with
the indicated RNAi clones. cat-2 (e1112)mutant worms were included as
positive controls for both assays. Slow response assay and ethanol
avoidance behaviors were hampered in ced-10 depleted animals and not
in ced-10(n3246)mutants. Data are mean ± SEM. * P < 0.05, **P < 0.01,
***P < 0.001, ns non-significant. Statistics: one-way ANOVA, Tukey
post hoc test for multiple comparisons. Between 20 and 30 worms were
used in three independent replicates

Table 1 Slow dose response
quantifications Genotype W/o food (body

bends/20 s)
With food (body
bends/20 s)

Significance
(P value)

Wild type 20.00 ± 0.423 9.55 ± 0.328 P < 0.001

ced-10(n3246) 19.05 ± 0.211 13.00 ± 0.145 P < 0.001

cat-2 (e1112) 21.00 ± 0.191 20.00 ± 0.162 ns

UA196 on EV 18.40 ± 0.255 9.20 ± 0.257 P < 0.001

UA196 on ced-10 RNAi 16.00 ± 0.254 13.15 ± 0.392 P < 0.001

UA196 on cat-2 RNAi 17.25 ± 0.502 16.40 ± 0.689 ns

Mean and SEM reported, n = 20. One-way ANOVA

Mol Neurobiol (2018) 55:7533–7552 7535
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response assay (Fig. 1a and Table 1). In addition, selective
depletion of ced-10 in DAn resulted in similar avoidance
against ethanol as cat-2 depleted animals in the ethanol avoid-
ance test (Fig. 1b and Table 2). Therefore, in the presence of α-
SYN, ced-10 function is specifically necessary in C elegans
DAn to execute a correct DA behavioral response.

This negative impact of ced-10 depletion on DAn behavior
brought us to explore the relevance of ced-10 deficiency in
DAn cell death in the above mentioned strain Pdat-1::α-SYN
+ Pdat-1::GFP. There exist four pairs of DAn in C elegans
hermaphrodites, three of them (CEPD, CEPV and ADE) lo-
cated in the anterior part, and one pair, the PDE, located in the
posterior part of the nematode [37]. In this nematode, when
human α-SYN is expressed in DAn, the six DAn within the
anterior region of the worm display progressive degenerative
characteristics [38]. To draw parallels between human PD
evidenced in aged populations and this worm model, we
sought to determine the relevance of ced-10 depletion at 9 days
(L4 + 7) post hatching. Cell bodies and neuronal processes
were assessed to determine whether these structures were nor-
mal or displayed degenerative changes, and consequently con-
sidered wild type neurons (Fig. 2). After feeding worms with
EV RNAi, 24.93 ± 2.54% of animals showed the six anterior
wild type DAn. In contrast, ced-10 RNAi knockdown signif-
icantly enhanced DA neurodegeneration, 8.33 ± 1.67% of an-
imals showed the intact set of DAn (***P < 0.001)) in com-
parison with EV control (Fig. 2a, b). Animals expressing the
fusion protein, CFP::CED-10, under ced-10 promoter, rescued
α-SYN induced-neurodegeneration (***P < 0.001) (Fig. 2a,
b). We found that neurodegeneration was accelerated already
at day 3 and 5 (L4 + 1 and L4 + 3, respectively) post hatching
(Online Resource 1) thus corroborating the impact of ced-10
in α-SYN-induced DA cell death at younger ages.

CED-10 Expression Decreases α-SYN Inclusions
Formation in C elegans

The term phagocytosis refers also to the mechanism by which
certain cells engulf and digest other cells and also larger parti-
cles or even anomalous inclusions or aggregates [39, 40].

RAC1/ced-10 is the converging gene of the engulfment ma-
chinery mobilizing actin pseudopodia in phagocytic cells [12].
Therefore, we considered the possibility of ced-10 playing a
role in the clearance/phagocytosis of α-SYN inclusions. We
used a nematode model of PD, in which human α-SYN is
fused to the yellow fluorescent protein (YFP) under control
of the body wall muscle unc-54 promoter, transgene
pkIs2386 [Punc-54::α-SYN::YFP] [41]. With this approach
we examined changes in apparent aggregate density or aggre-
gate count of pathogenic α-SYN conjugated to fluorescent
YFP in muscle cells [42], without considering neuronal side
effects. Accordingly, ced-10 animals were crossed with
pkIs2386 worms and the number of α-SYN aggregates was
evaluated in aged worms at 7 days post hatching. This ced-10
mutation increased to 1.5 units the apparent density of α-SYN
inclusions in comparison to control worms (0.9 ± 0.06 vs. 1.49
± 0.06, respectively; ***P < 0.001) (Fig. 3a, b) thus suggesting
a deleterious effect of the ced-10mutation in the generation of
α-SYN aggregates. Importantly, the increase in α-SYN appar-
ent aggregates was abolished in transgenic ced-10 mutants
expressing the CFP::CED-10 fusion protein (array
baEx167[Pced-10::CFP::ced-10]) (0.42 ± 0.03 in worms ex-
pressing CED-10 wild type vs. 1.49 ± 0.06 in ced-10 mutant
worms respectively and Fig. 3a, b, ***P < 0.001), showing
that the lack of ced-10 is contributing to α-SYN accumulation.

The number of body thrashes or thrashing have been used
extensively to identify modifiers of protein aggregation [41,
43]. Thrashing in C elegans can be measured in liquid media
by counting the number of body bends per unit of time [44].
Using this method, we confirmed the observed damaged mo-
tility (Fig. 3c andOnline Resources 2–4) of the PD worms in
a ced-10 background. Whereas a decrease of 27% in the bend-
ing are observed in animals expressing YFP::α-SYN in com-
parison to the wild type N2 wild type strain (55.01 ± 7.5 vs.
75.96 ± 2.8 bends/min, respectively), the number of bends de-
creases almost 90% in animals harboring the ced-10mutation
in a YFP::SYN background in comparison with N2 wild type
animals (7.93 ± 4.4 vs. 75.96 ± 2.8 bends/min, respectively)
and 70% in comparison with worms expressing YFP::SYN,
without the ced-10mutation (7.93 ± 4.4 vs. 55.01 ± 7.5 bends/
min, respectively). Thus, increased α-SYN in muscle with its
concomitant locomotion decrease in ced-10 mutants, indicate
the involvement of RAC1/ced-10 in the process of α-SYN
accumulation in C. elegans.

α-SYN variants that form oligomers and protofibrils are
associated to the most severe DAn nigral loss in PD models
[1, 6]. To identify the biochemical nature of the apparent α-
SYN aggregates increased by this ced-10 mutation, worm
lysates from pkIs2386 worms without and with the ced-10
mutation at L4+ 5 days of development, were sequentially
extracted by detergent-containing buffers [45] and the amount
of α-SYN extracted in each fraction was assessed by immu-
noblotting (Fig. 3d). A faint band of 19 kDa was detected in

Table 2 Ethanol avoidance quantifications

Genotype Avoidance (% of worms) N Significance
(P value)

Wild type 71.21 ± 2.120 155 –

ced-10(n3246) 57.80 ± 3.957 94 P < 0.05

cat-2 (e1112) 26.67 ± 3.335 80 P < 0.001

UA196 on EV 70.35 ± 1.213 122 –

UA196 on ced-10 RNAi 12.95 ± 1.328 95 P < 0.001

UA196 on cat-2 RNAi 10.902 ± 1.524 175 P < 0.001

Mean and SEM reported. One-way ANOVA
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the Tris-HCl fraction, most probably corresponding to the α-
SYN monomer staining. The number of oligomeric species is
increased in ced-10 mutant animals within all analyzed
fractions.

Autophagy Is Impaired in ced-10(n3246) Mutant
Animals

Autophagy is considered one of the main pathways in-
volved in α-SYN clearance [19, 46]. Given the role of
RAC1/ced-10 detected in α-SYN levels and in α-SYN-
induced DAn cell death, we further sought to determine
the participation of ced-10 in the modulation of autoph-
agy in C elegans. To this end, we first crossed ced-10
mutant animals with those carrying the array adIs2122

[Plgg-1::gfp::lgg-1]. The gene lgg-1 encodes a ubiquitin-
like protein belonging to the Atg8/LC3 protein family,
and the respective GFP::LGG-1 translational fusion thus
allows to monitor autophagosome formation via fluores-
cence microscopy [47]. To explore the role of ced-10 in
autophagy, we manually counted the number of
GFP::LGG-1 puncta present in the seam cells [48]. At
the L3 stage, the number of puncta present in the seam
cells were increased in animals harboring the ced-10
mutation, in comparison to animals without the muta-
tion, in where the GFP::LGG-1 pattern is mainly diffuse
(Fig. 4a, b). An increase in the number of GFP::LGG-1
puncta may result from either elevated or impaired au-
tophagic flux [48, 49]. Therefore, we investigated the
involvement of RAC1/ced-10 in autophagic pathways

Fig. 2 CED-10 protects DAn from α-SYN-induced DA cell death in C
elegans. Representative RNAi empty vector (EV) fed worms expressing
GFP andα-SYN specifically in DAn (Pdat-1::α-SYN + Pdat-1:: GFP) at
L4 + 7days (9 days post hatching) and fed with empty vector (EV) or ced-
10 RNAi clones. Filled white arrowhead labels healthy neurons whereas
degenerated or missing neurons are labeled with an open arrow. a ced-10
depletion reduces the amount of DAn per worm and the expression of the
CED-10::CFP transgene {baEx167 [Pced-10::CFP::ced-10]} delays the
DA cell death at the same age. Magnification bar is 30 μm. b Percentage
of Pdat-1:: α-SYN + Pdat-1:: GFP worms non-depleted and ced-10

depleted by RNAi, that had the full complement of six anterior DAn at
day 7 post L4. The transgenic derivative strain UA281 expressing
CFP::CED-10 (CED-10 wild type), carrying the array baEx167 [Pced-
10::CFP::ced-10] ameliorates the DA cell death. Data are mean ± SEM.
Statistics were obtained by comparing ced-10 RNAi depleted worms or
worms containing the CFP::CED-10 array with the corresponding EV fed
animals. Statistics: ***P < 0.001, one-way ANOVA, Tukey’s post hoc
test. Number of animals is 30–35 per condition, and the experiment was
repeated three times independently
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by analyzing the impact of the ced-10 mutation in the
autophagy-associated reporter strain bpIs51 [Psqst-1-
: : s q s t - 1 : : g f p + u n c - 7 6 (+ ) ] . T h e C . e l e g a n s
SeQueSTosome-related protein, SQST-1, exhibits se-
quence similarity to mammalian SQSTM1/p62 and is
degraded by autophagy [48, 50]. As such, autophagy
impairment is often associated with SQST-1::GFP accu-
mulation [48–50]. Similarly to the results obtained with

the GFP::LGG-1 reporter, ced-10 mutant animals
displayed increased SQST-1::GFP internal density (Fig.
4c–e). Whereas SQST-1::GFP staining was barely detect-
ed in wild type animals (Fig. 4c, d upper panels, and e),
ced-10 worms displayed SQST-1::GFP accumulation
(Fig. 4c, d bottom panels, and e). Cumulatively, these
results suggest a role of RAC1/ced-10 in the regulation
of autophagy.

Fig. 3 ced-10 decreases α-SYN inclusions in C elegans. a
Representative confocal pictures obtained from animals containing the
genomic array pkIs2386 [Punc-54::α-SYN::YFP] expressing α-SYN in
body wall muscle cells at L4 + 5 days of development (7 days post
hatching). Green staining in all figures represents α-SYN::YFP
inclusions in muscle cells. The vulva (V, thick arrow) was used as a
reference to analyze the same central section in all worms. A
representative area was highlighted and expanded in each panel, to
better visualize the α-SYN::YFP accumulation. a (first panel) α-SYN
inclusions were detected in a C. elegans model of α-SYN miss folding
in which α-SYN is expressed under the control of the unc-54 promoter. a
(second panel) α-SYN apparent aggregates are increased in ced-
10(n3246) mutant nematodes. a (third panel) CFP::CED-10 expression
(array baEx167 [Pced-10::CFP::CED-10]) decreased the number of α-
SYN inclusions in a ced-10(n3246) background. a (fourth panel) The
blue fluorescence marker (CFP) represented the endogenous expression

of CED-10 in a ced-10(n3246) background for rescuing α-SYN
accumulation. Magnification bar is 10 μm. b Quantification of the
number of α-SYN inclusions per area. Data are mean ± SEM. Between
30 and 35 animals were analyzed per genotype. Three different transgenic
lines expressing CFP::CED-10 were generated and analyzed
independently. Statistics: one-way ANOVA with a Tukey post hoc test.
***P < 0.005. c The movement of YFP::α-SYN animals is hampered by
the mutation ced-10n(3246). Thrashing behavior (bends/min) was video
recorded and the resulting images were analyzed by the ImageJ software.
Data are mean ± SEM. Between 20 and 30 animals were recorded per
experiment and the same experiment was repeated 3 independent times. d
Immunoblotting analysis of protein extracts from 5 days post L4 old
YFP::α-SYN synchronized animals, using anti-α- SYN antibody
without and with the ced-10(n3246) mutation (wild type and ced-10
respectively). The amount of α-SYN insoluble species was increased
by the ced-10(n3246) mutation.
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Human RAC1 Expression Reduces α-SYN
Accumulation and Amyloidogenic Aggregation
in a Neuroblastoma Cell Line

We further explored the effect of RAC1 on α-SYN accu-
mulation using a stable BE(2)-M17 neuroblastoma cell
line over-expressing wild type α-SYN. As previously re-
ported [51], differentiation with retinoic acid (RA) and
treatment with the histone deacetylases inhibitor sodium
butyrate (SB) increased α-SYN expression by twofold
and induced the accumulation of small α-SYN cytoplas-
mic aggregates (Online Resource 5a–b). Differentiated
cells treated with SB were transduced with a lentiviral
vector (LV) expressing either RAC1 wild type (WT)-
GFP (in which RAC1-GTP and RAC1-GDP coexist) or
RAC1 constitutively active (CA)-GFP (only expressing
RAC1-GTP) and analyzed 4 days post-transduction, using
the empty vector (Control-GFP) as a control. Infection
with both, RAC1 (WT) and RAC 1(CA) decreased α-
SYN expression level (Online Resource 5b) and

aggregation, as shown by Thioflavin S (ThyoS) dye
(Fig. 5), which specifically stains cross-beta sheet fibrils,
such those forming amyloid aggregates [52]. The area
covered by ThyoS -positive α-SYN aggregates per cell
was decreased by 90% in RAC1(WT) and RAC1(CA)
infected cultures (Fig. 5) thus suggesting a role of
RAC1 in either the formation or clearance of toxic α-
SYN species and corroborating the data obtained by west-
ern blot in the nematode.

High RAC1 Activity Reduces α-SYN Levels
and Increases Neurite Arborization in PD
Patient-Specific Midbrain iPSC-Derived DAn

Lastly, to connect the nematode data with the human PD,
we differentiated DAn upon cell reprogramming of skin
fibroblasts into induced pluripotent stem cells (iPSC)
from PD patients carrying the G2019S (G/S) mutation in
the LRRK2 gene. While preserving the patient genetic
background, this model exhibits some characteristic

Fig. 4 Autophagic markers accumulate in ced-10 mutant worms. a L4
worms expressing the reporter GFP::LGG-1 (adIs2122 [Plgg-
1::GFP::lgg-1; rol-6(su1006)] in hypodermal seam cells, without (left
panel, wild type) and with (right panel) the ced-10(n3246) mutation.
GFP::LGG-1 puncta are labeled with an filled arrow. Magnification bar
is 5 μm. b The bar graph indicates the number of GFP::LGG-1 foci per
cell at the indicated genotypes. These results are mean ± SEM of three
independent experiments performed in triplicate. Statistics is Student’s t
test. ***P ≤ 0.001. c, dWorms expressing the autophagy reporter SQST-
1::GFP (bpIs151[Psqst-1::sqst-1::GFP]) were crossed with ced-10(3246)
animals and the GFP fluorescence intensity (FI) was analyzed under a

fluorescence (c) or a confocal (d) microscope. d (upper panel) L4 animals
expressing the array SQST-1::GFP without induction of the GFP reporter
in normal conditions. d (bottom panel) The ced-10(n3246) mutation
increased GFP intensity and aggregation. Magnification bar is 20 μm. e
Normalized fluorescence intensity (FI) observed in SQST-1::GFP
animals without and with the ced-10(n3246) mutation. Thirty animals
were analyzed per genotype. Data are represented as the mean ± SEM
and were obtained by comparing wild type animals (without the ced-
10(n3246) mutation) with ced-10 mutated animals. Statistics,
***P < 0.001, Student’s t test
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features and cellular phenotypes of PD including reduced
axonal outgrowth, α-SYN accumulation, α-SYN-induced
DAn cell death, and impaired autophagy [20]. Therefore,
it represents a suitable tool to contextualize and compare
the nematode encountered data.

At 30 days of differentiation, patient iPSC-derived
DAn do not show overt morphological signs of neurode-
generation [20]. However, almost 40% of DAn positive
for the DA marker tyrosine hydroxylase (TH) showed
detectable amounts of α-SYN [20]. For this reason, and
to explore early events affecting PD, we next investigat-
ed the contribution of RAC1 in PD by rescuing α-SYN
accumulation in DAn. For this purpose, PD-iPSC-derived
midbrain DAn (at 30 days of differentiation when α-
SYN accumulation is already evident), were transduced
with lentivirus (LV) expressing either RAC1 wild type
(RAC1 (WT)-GFP or a highly active form of RAC1
(RAC1 (CA-GFP), and LV-GFP as control (Control-
GFP) (Online Resource 6a, c and d), and analyzed 7 days
after transduction. We found that LRRK2-PD-derived
DAn, transduced with Control-GFP showed significant

increase in α-SYN content in comparison with non-PD-
derived DAn (Fig. 6a, first and second panels, and scat-
ter dot plot) confirming previous results [20]. A 18%
decrease in α-SYN accumulation was observed in PD-
derived cells infected with RAC1 (WT)-GFP, and it was
even stronger (48.15%) in PD-derived cells infected with
RAC1 (CA)-GFP (Fig. 6a, third and fourth panels, and
scatter dot plot, ***P < 0.001). By analyzing the number
and length of neurites, to explore the capacity of Rac1 in
rescuing neuronal degeneration (Online Resource 7), we
found a decrease in neurite arborization in PD-derived
DAn (Fig. 6b), confirming previous reports showing re-
duction in neurite length/branching and defects of Rac
signaling in LRRK2-associated parkinsonism [53].
Importantly, overexpression of RAC1 (CA)-GFP, but
not RAC1 (WT)-GFP, was associated with significant
increase of neurite arborization (Fig. 6b, fourth panel
and left graph), consistent with a role for RAC1 in or-
ganizing the actin cytoskeleton [58]. The neurite length
was not rescued in any of the conditions tested (Fig. 6b,
right graph).

Fig. 5 Rac1 activity decreases α-SYN accumulation and
aggregation in the neuroblastoma cell l ine BE(2)-M17. a
Representative confocal images of α-SYN over-expressing cells
induced with 10 μM retinoic acid (RA) and treated with 10 mM
sodium butyrate (SB) for 36 h. Cells were transduced with Control-
GFP (upper row), RAC1 (WT)-GFP (middle row) and RAC1 (CA)-
GFP (bottom row), and co-stained for Thioflavin S (green) and α-
SYN (red). Arrows indicate Thioflavin S positive aggregates with

amyloidal structure. b Bar graph showing the quantitative analyses
of the neuronal soma area (in percentage %) covered by Thioflavin
S positive stain in individual cells transduced with (WT)- or (CA)
RAC1 or with the corresponding control. N = 14 (EV), N = 25 (WT),
and N = 24 (CA), from at least three independent experiments. Data
are presented as mean ± SEM. Statistics, ***P < 0.001, one-way
ANOVA with Bartlett’s test correction followed by post hoc Tukey
test. Scale bars represent 10 μm
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By transcriptome analysis we have previously reported that
iPSC-derived DAn from PD patients exhibited a large number
of gene expression changes. More specifically, we identified
437 differentially expressed genes (DEGs) in PD vs. controls
of which 254 were up-regulated in PD patients and 183 were
down-regulated [54]. Here, to gain further insight into the
canonical pathways affected by differential gene expression
detected at early PD, we performed a biological enrichment
analysis at 30 days of differentiation, by using the software
and databases of Ingenuity PathwayAnalysis (IPA).We found
that the signaling by Rho family GTPases pathway was the

top-1 statistically most significant canonical pathway in PD
pat ien t s compared to cont ro l s (P = 2.56 × 10−4 )
(Online Resource 8). From the total of 245 members com-
prised in this pathway, 16 DEGs of which 9 genes were up-
regulated and 7 down-regulated in PD DAn (Online Resource
9). Interestingly, the top 2 statistically most significant canon-
ical pathway was the related Rho GDI pathway (P = 7.91 ×
10−4). Overall, the results from this unbiased biological en-
richment analysis identifies Rho family GTPases as top
deregulated canonical pathway in iPSC-derived DAn from
PD patients.

Fig. 6 Rac1 activity rescues α-SYN accumulation and neurite
degeneration in early LRRK2-PD-derived DAcells. a First row shows
confocal images of non-PD (first panel) and LRRK2-PD-iPSC-derived
DAn (second, third, and fourth panels) at 30 days of differentiation
transduced with Control-GFP (first and second panels), RAC1 (WT)-
GFP (third panel) and RAC1 (CA)-GFP (fourth panel), and co-stained
for GFP (green), Tyrosine hydroxylase (TH) (red) and α-SYN (gray).
Nuclei are counterstained with DAPI, shown in blue. Second row
shows confocal images representing the expanded pictures of the
corresponding above neurons highlighted within the white dashed
square, evidencing α-SYN staining. Dot plot shows the quantification
of the average (in %) of α-SYN fluorescent intensity in every analyzed
neuron positive for TH and GFP. Statistical analysis is the result of
comparing α-SYN staining intensity of non-PD with LV-transduced
DAn. Data is the average of at least two-independent experiments and
are presented as mean ± SEM. Statistics is one-way ANOVA with a
Tukey’s post hoc analysis **P < 0.01. b Representative confocal

micrographs of single DAn derived from non-PD (first panel) and
LRRK-2PD patients, transfected with Control-GFP (second panel),
RAC1 (WT)-GFP (third panel) or RAC1 (CA)-GFP (fourth panel).
Extension bars are 10 μm. (Left graph) This bar graph represents the
number of neurites per neuron (primary, secondary and tertiary),
according to the indicated transduction, in non-PD and in PD-derived
cells. Statistical analysis is the result of comparing neurite number non-
PD with LRRK2-PD-derived DA cells transduced with RAC1 (WT)-
GFP or RAC1 (CA)-GFP. Data is the average of at least two-
independent experiments and are presented as mean ± SEM. Statistics is
One-way ANOVA, *P < 0.05 and **P < 0.01. (Right graph) Quantitative
analyses of the neurite length (in μm) in DAn derived from non-PD and
LRRK2-PD-derived patients. Statistical analysis is the result of
comparing neurite number non-PD with LRRK2-PD-derived DA cells
transduced with RAC1 (WT)-GFP or RAC1 (CA)-GFP. Data are
presented as mean ± SEM. Statistics is one-way ANOVA. ***P < 0.001
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RAC1 Activity Increases the Long-Term Survival
of PD-Patient-Derived DAn and Alleviates
the Impairment of Autophagy

To assess whether the protective effect of RAC1 in reducing
α-SYN levels correlated with increased survival rates over
t ime, neurons were further cultured for 75 days
(Online Resource 6b) by co-culturing them over a monolayer
of mouse post-natal cortical astrocytes [55], which supported
viable cultures of DAn for up to 75 days [20].

After this time span, differentiated cultures from genetic
LRRK2-PD- patient derived DAn showed higher numbers of
apoptotic DAn when compared to those derived from healthy
subjects [20] and Fig. 7(a, b, and e). Overexpression of both
RAC1 (CA)-GFP and RAC1 (WT)-GFP prevented cell death
by reducing the amount of DAn positively stained for cleaved
caspase-3 to the levels of the non-PD-patient-derived DA cells
(Fig. 7(c–d and e)). We and others have described that LRRK2
G2019S mutation has negative effects in the autophagic flux
by seemingly impairing autophagosome-lysosome fusion [20].
In this specific case, RAC1 CA (RAC1-(CA) but not RAC1
wild type (RAC1-(WT) displayed autophagosome vesicle
numbers similar to those of the non-PD-patient-derived neu-
rons (Fig. 7). Therefore, these results suggest a mechanism by
which a better performance of the autophagic clearance pro-
moted by RAC1 alleviates the accumulation of aggregation-
prone proteins, such as α-SYN, thus contributing to increase
the survival of DAn.

In conclusion, these results obtained in DAn derived from
LRRK2-associated PD patients are in line with findings in the
nematode models of PD, where RAC1 activity is directly in-
volved with DAn survival in the presence of α-SYN, α-SYN
inclusions formation and autophagic mechanisms.

Discussion

Here, we demonstrate in C elegans and in human-derived PD
cells that RAC1/ced-10 participates in the main pathogenic
manifestations of PD such as DAn death, α-SYN accumula-
tion and impaired autophagy. Besides, the results obtained in
the nematode, suggest a role of ced-10modulating DA behav-
ior in the presence of α-SYN. Furthermore, RAC1 function is
associated with the considered toxic α-SYN species. Overall,
in this manuscript we propose RAC1/ced-10 as a potential
therapeutic target for the treatment of PD-related disorders.

RAC1/ced-10 and DAn Death

Previous research has shown that Rac GTPases play an essential
neuroprotective and pro-survival role in neuronal models and
diseases [17, 56–58]. Indeed, our in depth analysis of the RAC1
signaling pathway arose from the transcriptomic data in human

iPSC-derived DAn from PD patients, showing altered Rho sig-
naling as top deregulated pathway, points to this same direction
(Online Resources 8–9). However, Rac GTPases modulation
in different cell types is much more complex. Loss of RAC
GTPase activity may contribute to the death of DAn while in-
creased Rac-GTP activity in microglia may contribute to the
formation of toxic ROS [59]. Hence, this complicated RAC1
modulation depending upon the tissue and the ROS state, might
explain the behavioral differences observed between whole ced-
10 mutant animals and RAC1/ced-10 specifically depleted in
DAn in the presence of α-SYN (Fig. 1). Interestingly, a cell
non-autonomous function for hypodermal RAC1/ced-10 in the
maintenance of axonal survival has been recently proposed in
C. elegans [60]. Consequently, the influence of RAC1 activity
in the neighboring tissues cannot be obviated.

There exist positive correlation between neuronal apoptosis
and decreased RAC1 GTPase activity [17]. Very different cel-
lular models, such as human lymphoma cells or primary cer-
ebellar granule neurons, suggest the inhibition of caspase-
induced apoptosis by RAC1, whereby AKT-dependent pro-
survival pathways and the consequent Bcl-2-associated death
protein (BAD) phosphorylation were downstream and activat-
ed by RAC1 [59, 61].

The activation of the AKT by RAC1, also participates in
the cytoskeleton reorganization and cellular growth [62, 63]

�Fig. 7 RAC1 activity increases the long-term survival of PD-derived
DAn and alleviates autophagy impairment. (A–D) Confocal images of
non- PD (A) and PD-iPSC-derived DA cultures transduced with Control-
GFP (B), RAC1 (WT)-GFP (C), and RAC1 (CA)-GFP (D), stained for
GFP (green), TH (red) and cleaved Caspase-3 (white). A representative
area was highlighted in dashed lines and expanded in below panels. The
corresponding lower insets show higher magnification images of each
separate channel, cleaved caspase-3, TH and RAC1-GFP respectively.
TH+ neurons, stained with Caspase-3 and transduced with RAC1-GFP
constructs are labeled with white arrow tips. Caspase-3 posoNuclei are
counterstained with DAPI, shown in blue. PD-derived cells transduced
with Control-GFP (second panel) showed increased numbers of triple
positive TH/GFP/Caspase 3 staining in TH+ neurons in comparison to
the other conditions tested, where cells were non-PD (first panel left) or
transduced with RAC1 (WT)-GFP and RAC1 (CA)-GFP (third and
fourth panels respectively). Extension bar from A–D is 20 and 10 μm
for top and bottom panels respectively. e Bar graph showing the
quantification of the number of TH/GFP double-positive neurons
presenting cleaved Caspase-3 staining. Data is the average of at least
two-independent experiments and are presented as mean ± SEM.
Statistics, *P < 0.05, **P < 0.01, and ***P < 0.001, Two-way ANOVA,
Tukey post hoc test. f Confocal images of non-PD (left panel) and PD-
iPSC-derived DA cultures transduced with Control-GFP (second row),
RAC1 (WT)-GFP (third row), and RAC1 (CA)-GFP (fourth row), stained
for GFP (green), TH (red) and LC3 (gray). Non-PD cells (first row) and
PD cells transduced with RAC1 (CA)-GFP (fourth row) showed similar
amount of LC3-II positive vesicles in TH+/GFP+ neurons. Nuclei are
counterstained with DAPI, shown in blue. Extension bar is 5 μm. g Bar
graph showing the quantification of the neuronal soma area (in percentage
%) covered by LC3-II positive vesicles in at least 15 DA neurons. Data is
the average of at least two-independent experiments and are presented as
mean ± SEM. Statistics, *P < 0.05, Two-way ANOVA, post hoc Tukey
test
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and a failure to maintain the integrity of DAn after they are
formed could cause DAn death [64]. Accordingly, RAC1-
modulated processes involved in the maintenance of cell in-
tegrity, might be crucial for cell survival.

LRRK2-PD-patient-derived DAn show increased neurite
numbers after being transduced with RAC1 (Fig. 6), thus
expanding the role of this GTPase in the maintenance and in
the generation of new neurites [13], and thus contributing
accordingly to DAn survival (Fig. 7). Therefore, our results

are in accordance with LRRK2 inducing neurite retraction
through diminished RAC1 GTPase activity [16].
Surprisingly, neurite length was not rescued with any of the
infected RAC1 constructs in the present manuscript.
Differences between results can be explained based on the
different cellular models used in both laboratories, since our
results are provided directly from PD-derived cells, whereas
the neuroblastoma cell line SHSY5Y is the model used by
Chan et al. [16]. In addition, the existing actin-microtubule
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cross talk in the process of neurite outgrowth and elongation
has to be considered [65, 66]. Microtubules are the main cy-
toskeletal components of neurites [66] and decreased stability
of microtubules is a common feature of neurodegenerative
diseases [67]. Interestingly, LRRK2-PD variants are charac-
terized by defects in microtubule associated processes [68]
and LRRK2 regulates microtubule stability [69].However, ex-
tension and navigation of neurites are normally driven by
actin-rich growth cones and inhibition of microtubules dy-
namics does not stop neurite outgrowth [66]. Thus, our results
are consistent with cellular dysfunction in PD, with RAC1
modulating actin-associated mechanisms better than in micro-
tubule linked processes.

RAC1/ced-10 and α-SYN Accumulation

One of the main factors linked with DAn death in PD
progression is α-SYN accumulation. α-SYN overexpres-
sion in model systems, and its concomitant aggregation
and deposition precede neuronal cell death. In the case
of DAn, its degeneration is influenced by intracellular
and extracellular α-SYN accumulation, mainly in its olig-
omeric form [70]. Interestingly, extracellular oligomeric
α-SYN impairs RAC1 activity in neuroblastoma cells
[70]. Considering the increased intracellular α-SYN

aggregates together with increased oligomeric α-SYN
species observed in ced-10 mutant animals, we hypothe-
size that altered RAC1/ced-10 function might accelerate
α-SYN accumulation and the formation of α-SYN oligo-
mers which might bind concurrently RAC1/ced-10 [70]
thus increasing the severity of RAC1/ced-10 altered func-
tion. Moreover, and considering the modulation of the
actin cytoskeletal dynamics by α-SYN [71], a synergistic
regulation between RAC1 and α-SYN cannot be
excluded.

Additional experiments, where the amount of α-SYN
could be tightly controlled, will provide some clues about
the relevance of RAC1/α-SYN interaction in the progress of
PD.

α-SYN accumulation in PD patients is associated with fail-
ure of the two major protein breakdown pathways, the ubiq-
uitin proteasome system (UPS) and autophagy [72–74],
which, in cooperation, reduce the misfolded protein burden
[75]. Stably increased levels of α-SYN can lead to impaired
proteasome function [76] and ced-10 is proteasome regulated
in the phagocytosis of dead cells [14]. Hence, we hypothesize
that increased α-SYN in a ced-10 mutant background might
reinforce the severity of the ced-10 mutation in the degrada-
tion of α-SYN, due to the interaction of α-SYN with the
proteasomal machinery.

Fig. 7 (continued)
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Overexpression of α-SYN results in the inhibition of au-
tophagy [77]. Here we suggest RAC1/ced-10 being necessary
for autophagy to occur (Figs. 3 and 7). Accordingly, α-SYN
accumulation, due to ced-10 impairment, might increase the
severity of ced-10 mutation. Therefore we add RAC1 to the
already proposed feedback loop between proteasome activity
and autophagy [1] and we propose that a tight regulation of
RAC1 function is required to avoid excess of α-SYN accu-
mulation and the concomitant cell death.

Impaired autophagy associated with LRRK2 mutations are
already reported [78, 79], with the G2019S mutation showing
less autophagic activity [80]. In the context of LRRK-2 in-
duced phenotypes, we propose RAC1-LRRK2 interaction as
relevant factor favoring autophagy to occur, and helping in the
clearance of α-SYN aggregates, thus warranting the proper
neurite growth and maintenance.

Future scientific research is needed to unravel the mecha-
nisms associated with PD-related disorders for finding effi-
cient therapies. In light of our results the pharmacological
modulation of RAC1 and RAC1-derived signaling pathways
could be of therapeutic value.

Experimental Procedures

Worm Experiments

C. elegans Strains

Nematodes were maintained using standard procedures [81].
We obtained the strains CB1112 cat-2(e1112), NL5901, unc-
119(ed3) III; [pkIs2386 (Punc-54::α-SYN::YFP; unc-119(+
))]; DA2123 adIs2122 [Plgg-1::lgg-1::GFP; rol-6(su1006)]
and HZ589, bpIs151 [Psqst-1::sqst-1::GFP; unc-76(+)] IV;
him-5(e1490) V from the Caenorhabditis elegans Genetic
Center (CGC). The strain BR3579, ced-10(n3246) was a gen-
erous gift from Dr. Ralf Baumeister (Albert-Ludwing
University, Freiburg/Breisgau, Germany).

The strain BR3579 was crossed with NL5901 animals to
generate the strain EDC101, unc-119(ed3) III; pkIs2386
[Punc-54::α-SYN::YFP; unc-119(+)]; ced-10(n3246).

The following strains is used to analyze the DAn degener-
ation as reported in Harrington et al., 2010 [36]: Pdat-1::α-
SYN +Pdat-1::GFP from the main text is named UA196,with
the genotype: sid-1(pk3321); baIn33 [Pdat-1::sid-1; Pmyo-
2::mCherry]; baIn11 [Pdat-1::α-SYN; Pdat-1::GFP].

For autophagy experiments, males from the DA2123 strain
[Plgg-1::lgg-1::GFP; rol-6(su1006)] were crossed with ced-
10(n3246) hermaphrodites. Males a from the HZ589
bpIs151 [Psqst-1::sqst-1::GFP; unc-76(+) IV]; him-5(e1490)
V] strain, expressing SQST-1::GFP crossed with ced-10
(n3246) hermaphrodites.

N2 (Bristol) was used as the C. elegans wild-type (wt)
strain. Hermaphrodites were used throughout of the
study.

RNAi Feeding

For feeding RNAi bacteria, egg lay from gravid adults were
directly transferred to NGM plates containing 1 mM of iso-
propyl β-D-1-thiogalactopyranoside/ IPTG (referred to as
RNAi plates) seeded with 20X concentrated bacteria contain-
ing 50μg/ml ampicillin, carrying desired plasmid for RNAi of
a specific gene (ced-10 or cat-1, depending upon the experi-
ment) or bacteria carrying empty (EV) pL4440 as control and
allowed to grow on plates for approximately 50 h to reach the
L4 stage and then another 16 h for the conduction of actual
experiment.

Note: Bacterial clones for RNAi feeding protocol were
obtained from the Ahringer library (Source Bioscience,
Nottingham, UK) [82] and were then streaked on LB-
Tetracycline-Ampicillin plate which was then incubated at
37 °C. Individual colonies from this freshly streaked plate
were grown for 10–12 h constantly shaking at 37 °C in LB
medium containing 50 μg/ml ampicillin.

Blinding of Experiments and Replicates

All behavioral studies were completed such that the ex-
perimenter was blind to the genotype of the worms.
Strains were given letter codes by another member of
the laboratory and the code was not broken until all of
the replicates for a particular assay were completed. For
all assays, we completed a minimum of three biological
replicates per strain.

Behavioral Experiments

Locomotor Rate Assay Locomotor rate assay was performed
as described in [33]. Briefly, assay plates were prepared by
spreading the E. coli strain OP50-1 in a ring on NGM agar
[81] in 5-cm petri plates. Assay plates were always freshly
spread with bacteria, incubated overnight at 37 °C, and
allowed to cool to room temperature before use. Plates for
measuring locomotor rate in the absence of bacteria were also
incubated at 37 °C. Only synchronized young adult hermaph-
rodites (16 h after the late L4 larval stage) were tested. For
well-fed animals, locomotor rate was measured by removing 5
animals from plates with ample bacteria, washing the animals
twice in S basal buffer [81], and transferring them to an assay
plate in a drop of buffer using a capillary pipette. The drop of
buffer used to transfer the animals was absorbed with a
Kimwipe. Five minutes after transfer, the number of body
bends in 20 s intervals was sequentially counted for each of
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the five animals on the assay plate and then repeated the same
thing for next set of animals in a different assay plate.

Ethanol Avoidance Assay Ethanol avoidance assay was per-
formed as described [34] (Cooper et al. 2015).
Synchronized young adult hermaphrodites (16 h after
the late L4 larval stage) were transferred to assay plates,
which are divided into four quadrants: two quadrants
seeded with 50 μl of 100% ethanol and the others with-
out. Worms are placed in the center of the assay plate
and allowed to move for 30 min at which point the entire
plate is imaged and the worms are scored for their quad-
rant of preference. Ethanol avoidance is calculated as
[(number of worms in control quadrants) − (number of
worms in ethanol quadrants)]/total number of worms.

Generation of the Rescue Construct Pced-10:: CFP::ced-10
Pced-10::CFP::ced-10 plasmids were co-injected into worm
strain EDC101 and UA196 to generate UA281, baEx167
[Pced-10 : :CFP: :ced-10 , ro l -6 ( su1006) ] ; [Punc-
54::α-SYN::YFP;ced-10(n3246)] and UA282, baEx167
[Pced-10::CFP::ced-10; rol-6(su1006)]; sid-1(pk3321);
baIn33 [Pdat-1::sid-1, Pmyo-2::mCherry]; baIn11[Pdat-
1::α-SYN; Pdat-1::GFP]). Hermaphrodites were used
throughout of the study.

Site-Directed Mutagenesis The construct Pced-10::GFP::ced-
10 was provided by Erik Lundquist (University of Kansas,
Lawrence, KS, USA) as a gift. TagMaster Site-directed muta-
genesis (GMBiosciences, Rockville, USA) was used to create
mutations (Y66W, Y145F, and M153T) in GFP sequence for
changing fluorescence marker as CFP. The product plasmid
Pced-10::CFP::ced-10 was sequenced (Eurofins Genomics,
Huntsville, AL, USA) to confirm the presence of the desired
mutations.

C. elegans Neurodegeneration Assays Worms were analyzed
for DA neurodegeneration as described previously [38].
Briefly, 10 L1-stage worms (neuron-specific RNAi worm
strain with α-Syn UA196 were transferred to the plates (emp-
ty vector (EV) and ced-10 RNAi) and grown at 20 °C until
adulthood. Adult worms were then transferred to correspond-
ing freshly made RNAi plates and allowed to lay eggs for 6 h
to synchronize. α-SYN-induced DA neurodegeneration was
scored at the indicated days after hatching (L4 + 7; L4 + 3;
L4 + 1). To investigate the effect of CED-10 overexpression
on α-SYN –induced DA degeneration, the strain UA282 was
analyzed at L4 + 7 days of aging. Worms were considered
normal when all six anterior DA neurons (four CEP
(cephalic) and two ADE (anterior deirid)) were present with-
out any visible signs of degeneration. If a worm displayed
degeneration in at least one of the six neurons, it was scored
as exhibiting degeneration. In total, at least 50 adult worms

were analyzed for each independent transgenic line or RNAi
treatment.

Aggregate Quantification The quantification of aggregates
was performed as previously described [83]. Briefly,
NL5901animals without and with ced-10(n3246) mutation,
together with the EDC101, were age-synchronized by
bleaching with NaOCl and left overnight to hatch. L1 animals
were transferred onto individual NGM plates seeded with
Escherichia coli. Aggregates were counted for each animal
staged at L4 + 5 days. Images were captured using a Leica
SP5 confocal microscope with a ×40 oil immersion lens
(HCX PL APO CS). The number of α-syn aggregates was
determined in the mid body of each animal, taking the vulva
position (V) as a reference. Aggregates were defined as dis-
crete, bright structures, with boundaries distinguishable from
surrounding fluorescence. Measurements on inclusions were
performed using ImageJ software taking into consideration
the area dimensions.

Thrashing Assays At L4 + 5 days, animals from the strains N2
wild type, NL5901 [unc-119(ed3) III; pkIs2386 [Punc-
54::α-SYN::YFP; unc-119(+)] and EDC01 unc-119(ed3) III;
pkIs2386 [Punc-54::α-SYN::YFP; unc-119(+)]; ced-10
(n3246) were placed in a drop of M9 buffer and allowed to
recover for 120 s (to avoid observing behavior associated with
stress) after which the number of body bends was counted for
1 min. Movies of swimming worms were recorded using a
Leica MZFFLIII stereomicroscope at nominal magnification
of 30X and the Hamamatsu ORCA-Flash 4.0LT camera at 17
frames per second (17 fps) for 1 min. Bends per minute were
obtained with theWorm Tracker pluggin (wrMTrck), from the
ImageJ software [84]. Thirty animals were counted in each
experiment unless stated otherwise. Experiments were carried
out in triplicate. Statistical analysis was performed using
Graphpad Prism version 6.00 for Windows, GraphPad
Software, La Jolla, CA, USA).

Detergent Fractionation α-SYN oligomeric species were iso-
lated by detergent fractionation as described (Kuwahara et al.
2012) with slight modifications. Briefly, worms were washed
three times with M9 buffer, collected as a 100 μl pellet, and
the pellet was snap-frozen in liquid nitrogen. The pellets were
homogenized in 1 mL of 50 mM Tris-HCl buffer at pH 7.5
with complete protease inhibitor mixture (Roche Applied
Science) by brief sonication. Sonicates were centrifuged two
times at 1000×g for 5 min to remove debris of worm tissue.
The supernatant was then ultracentrifuged at 350,000×g for
15 min, and the supernatant was collected as a Tris-HCl sol-
uble fraction. The resulting pellet was subsequently extracted
by sonication in 500 μl of Triton X-100 (Tris-HCl buffer with
1% TritonX-100), 200 μl of Sarkosyl (Tris-HCl with 1%
Sarkosyl), and 100 μl of SDS (TrisHCl with SDS sample
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buffer containing 2% SDS) followed by centrifugation at
350,000×g for 15 min. The Tris-HCl fraction containing
20 μg of total proteins, along with equal volumes of Triton
X-100, Sarkosyl, and SDS fractions to the Tris-HCl fraction,
were loaded onto the acrylamide gel and separated by SDS-
PAGE.

Immunoblotting Twenty microliters of protein per strain were
loaded from each sample and fraction on Novex NuPAGE 4–
12%Bis-Tris Gels (Thermo Fisher) an run inMES SDS buffer
at 200 V for 40 min. Resolved proteins were transferred onto
0.45 μm nitrocellulose membranes (Amersham) at 200 mA
for 1 h. Blocking was done in 5%milk powder in PBS for 1 h,
followed by overnight incubation at 4 °C with a mouse mono-
clonal antibody againstα-synuclein (1:1000, BDBiosciences,
#610787) diluted in 2% bovine serum albumin (BSA)/PBS.
Incubation with a donkey anti-mouse (1:5000, Amersham)
secondary antibody diluted in 1% milk powder/PBS was per-
formed for 1 h at room temperature.

Membranes were developed using SupersignalWest Femto
(Thermo Scientific) in a ImageQuant RT ECL Imager (GE
Healthcare).

Autophagy Measurements For measuring the involvement of
ced-10(n3246) mutation in autophagy, we followed specific
C. elegans protocols [48, 85]. LGG-1::GFP foci were ana-
lyzed in the hypodermal seam cells at L3 stage of develop-
ment. Images were not considered for quantification where the
hypodermis was not clear. In total, at least 40 total regions
were quantified from 30 different worm samples per
genotype.

To confirm the involvement of ced-10 in impairing autoph-
agy, we followed the protocol described in [86]. Pictures of L1
animals (whole animal) and L4 animals (whole intestine),
were analyzed by using a 63× objective. The GFP internal
intensity (FI), corresponding to SQST-GFP foci, was quanti-
fied at L4 stage of development. The presence of the ced-10
mutation was checked by PCR as described [14]. The pres-
ence of the GFP reporter was double checked by PCR using
the gfp primers, and under the fluorescence microscope.

Microscopy and Imaging For neurodegeneration assays and
aggregates quantification animals were mounted with a cov-
erslip on a 4% agarose pad in M9, containing 10 mM of
sodium azide. Confocal microscopy was performed using a
Leica TCS-SP5 confocal spectral microscope (Leica,
Barcelona, Spain) and analyzed using ImageJ software
(NIH, ver. 1.43, Schindelin, 2015). Animals were examined
at 100× magnification to examine α-SYN induced DA cell
death and at 40X to examine α-SYN apparent aggregates.

For autophagy measurements, animals were placed in a
5 μL drop of 10 mM solution of levamisole (Sigma-Aldrich,
Madrid, Spain). For each independent experiment, between

20 and 30 7-day-old worms of each treatment were examined
under a Nikon EclipseTE2000-E epifluorescence microscope
equipped with a monochrome camera (Hamamatsu ORCA-
ER) coupled to the Metamorph software (Molecular Devices
Corp., Sunnyvale, CA). The system acquires a series of frames
at specific Z-axis position (focal plane) using a Z-axis motor
device.

Cell Culture Experiments in BE(2)-M17 Neuroblastoma
Cell Line

Cell Culture

Human neuroblastoma cell line BE(2)-M17 over-expressing
wild type α-SYN were maintained at 37 °C and 5% CO2 in
Optimem medium (Gibco) (Thermo-Fisher Scientific,
Madrid, Spain) supplemented with 10% fetal bovine serum
(Gibco) (Thermo-Fisher Scientific, Madrid, Spain),
500 μg/ml G418 (Geneticin) (Sigma-Aldrich, Madrid,
Spain) and Penicillin/Streptomycin (Sigma-Aldrich, Madrid,
Spain). For immunofluorescence, 2 × 104 cells/well were
seeded in 24-well plates on coverslips coated with poly-D-
lysine. α-SYN aggregation was induced as previously report-
ed ([51] by differentiation with 10 μM retinoic acid (Sigma-
Aldrich, Madrid, Spain) for 10 days, followed by treatment
with the histone deacetylases inhibitor sodium butyrate (SB)
(Sigma-Aldrich, Madrid, Spain) at a concentration of 10 mM
for 36 h. To analyze the effect of RAC1 on α-SYN aggrega-
tion, cells were transduced 24 h before SB treatment with
either the lentiviral empty vector or with the wild type or the
constitutively active isoforms of RAC1 at an estimated multi-
plicity of infection (MOI) of 5.

Immunofluorescence

BE(2)-M17 cells were fixed in 4% paraformaldehyde (PFA)
(Sigma-Aldrich, Madrid, Spain) in phosphate saline buffer
(PBS) for 30 min at 4 °C and permeabilized with Tris-
buffered saline (TBS) containing 0.5% Triton X-100
(Sigma-Aldrich, Madrid, Spain) for 5 min. Cells were then
blocked with 3% normal goat serum (NGS) (Vector
Laboratories, Palex Medical, Sant Cugat del Vallès, Spain)
in TBS for 1 h and subsequently incubated with the corre-
sponding primary antibody in 1%NGS/TBS overnight at
4 °C. The following primary antibodies were used: mouse
anti-α-SYN (610,787; 1:500) (BD Biosciences, Madrid,
Spain), rabbit anti-α-SYN (2642; 1:500) (Cell Signaling,
Leiden, The Netherlands). Incubation with goat secondary
antibodies conjugated with Alexa488 (anti-mouse, A11001;
or Alexa594 (anti-mouse, A11005; anti-rabbit, A11012)
(Thermo-Fisher Scientific, Madrid, Spain) was done in 1%
NGS/TBS for 1 h at RT. Between each incubation period cells
were rinsed three times in TBS.
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Thioflavin S Staining

After incubation with the antibodies, coverslips were im-
mersed in 0.005% thioflavin S (Sigma-Aldrich, Madrid,
Spain) in PBS for 8 min and then rinsed twice in ethanol
70% and once in PBS. Only after thioflavin S staining, nuclei
were counterstained with Hoechst 33342 (Thermo Fisher
Scientific, Madrid, Spain, 1:10,000 in PBS) for 10 min.

Microscopy and IF Quantification

Cells were cover slipped using Dako Cytomation Fluorescent
Mounting Medium (Dako, Sant Just Desvern, Spain).
Immunofluorescence images were acquired using standard
filter sets using an Olympus FluoView TM FV1000 confocal
microscope and the FV10_ASW 4.2 visualization software.

α-SYN fluorescence intensity for each condition was ana-
lyzed in an average of 150 cells from 6 different random fields
at an objective magnification of 40×. Quantification of
Thioflavin S positive aggregates in each condition was ana-
lyzed in an average of 20 cells from 3 different random fields
by measuring the fluorescent area per cell. All quantification
analyses were done using ImageJ software (NIH, USA).

Cell Culture Experiments with iPSC Cell Lines Derived
from Human Patients

Previously generated iPSC lines SP-11.1 (from control) and
SP-12.3 (from patients with familial PD with the LRRK2
G2019S mutation) were used and culture and differentiation
were carried out as described, (34), following a protocol ap-
proved by the Spanish competent authorities (Commission on
Guarantees concerning the Donation and Use of Human
Tissues and Cells of the Carlos III Health Institute). Briefly,
hiPSC were cultured on matrigel (Corning Limited, Life
Sciences, UK) and maintained in hESC medium, consisting
on KO-DMEM (Invitrogen, Thermo Fisher Scientific,
Madrid, Spain) supplemented with 20% KO-Serum
Replacement (Invitrogen, Thermo Fisher Scientific, Madrid,
Spain), 2 mM Glutamax (Invitrogen, Thermo Fisher
Scientific, Madrid, Spain), 50 μM 2-mercaptoethanol
(Invitrogen, Thermo Fisher Scientific, Madrid, Spain), non-
essential aminoacids (Cambrex, Nottingham, UK) and
10 ng/ml bFGF (Peprotech, London, UK). Medium was
preconditioned overnight by irradiated mouse embryonic fi-
broblast and hiPSC were maintained on Matrigel (Corning
Limited, Life Sciences, UK) at 37 °C, 5% CO2.

For DAn differentiation, iPSC were transduced with
LV.NES.LMX1A.GFP and processed as previously described
(79). Briefly, confluent iPSC 10 cm dishes were disaggregated
with accutase and embryoid bodies (EB) were generated using
forced aggregation method in V-shaped 96 well plates. Two
days later, EBs were patterned as ventral midbrain by

culturing them in suspension for 10 days in N2B27 supple-
mented with 100 ng/ml SHH (Peprotech, London, UK),
100 ng/ml FGF8 (Peprotech, London, UK) and 10 ng/ml
FGF2 (Peprotech, London, UK). Then, forα-SYN and neurite
analysis, differentiation to midbrain DAn was performed on
the top of PA6 murine stromal cells for 3 weeks (79). To
analyze α-SYN levels, neuronal cultures were gently
trypsinized and re-plated in matrigel-coated slides for 3 days,
then transduced with the two different RAC1 isoforms or the
control LV, at an estimated MOI of 10. Cells were fixed and
analyzed 7 days after transduction. For long-term culture stud-
ies, EBs were mechanically dissociated by repeated pipetting
after the induction step. Salient EB fragments were transduced
with the two different RAC1 isoforms or the control LVat an
estimated MOI of 3. Three days post-transduction, the aggre-
gates were seeded on primary murine astrocytes and cultured
for 9 weeks.

Lentiviral Vectors

RAC1 wild type (WT) and constitutively active (V12) (CA)
forms were amplified by means of PCR from expression plas-
mids kindly provided by (Dr Francisco Sánchez-Madrid;
Spanish National Center for Cardiovascular Research
(CNIC), Madrid, Spain). Subsequently, RAC1-(WT) and
RAC1-(CA) cDNA were cloned under the human phospho-
glycerate kinase (PGK) promoter of pCCL.cPPT-hPGK-
IRES.eGFP-WPRE lentiviral transfer vector. High-titer vesic-
ular stomatitis virus (VSV)–pseudotyped LV stocks were pro-
duced in 293T cells by calcium phosphate–mediated transient
transfection of the transfer vector, the late generation packag-
ing construct pMDL, and the VSVenvelope–expressing con-
struct pMD2.G, and purified by ultracentrifugation as previ-
ously described [87]. Expression titers, determined on HeLa
cells by fluorescence-activated cell sorter (FACS) analysis
(FACSCalibur, Becton Dickinson), were as follows: LV-
RAC1 (WT): 2.60 · 10^8 TU/mL; LV-RAC1 (CA): 2.24 ·
10^8 TU/mL; LV-PGK-GFP: 5.08 · 10^9 TU/mL.

Immunofluorescence for iPSC-Derived Cells

iPSC-derived cells were fixed with 4% paraformaldehyde
(PFA) in Tris-buffered saline (TBS) buffer for 20 min and
blocked in 0.3% Triton X-100 (Sigma-Aldrich, Madrid,
Spain) with 3% donkey serum for 2 h. In the case of α-SYN
and LC3 staining, Triton X-100 was kept at 0.01% for the
blocking and antibody incubation steps. The following prima-
ry antibodies were used: mouse anti-α-SYN (610787; 1:500)
(BD Biosciences, Madrid, Spain), rabbit anti-TH (sc-14007;
1:500) (Santa Cruz Biotechnology, Madrid, Spain), chicken
anti-GFP (1020; 1:250) from Aves Labs (Cosmo Bio, AbBcn
S.L., Bellaterra, Spain), rabbit anti-cleaved Caspase3 (9664;
1:400) (Cell Signaling) and LC3B (2775; 1:100) (Cell
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Signaling). Images were acquired using a Leica SP5 confocal
microscope.

α-SYN and Neurite Analysis

α-SYN and neurite analysis were performed after a total of
4 weeks of differentiation plus 1 week after LV transduction
on iPSC-derived DA neurons. DA neurons were randomly
selected, using a Leica SP5 confocal microscope, and ana-
lyzed with ImageJ for α-SYN intensity levels and with the
ImageJ plugin NeuronJ to determine the number of neurites
per cell, number of terminals and branch points.

Cleaved Caspase-3, Apoptotic Cell Number
and Autophagosome Accumulation and Analysis

Cleaved caspase-3, apoptotic cell number and autophagosome
accumulation analysis were performed after a total of 9 weeks
of differentiation on iPSC-derived DAn grown on murine as-
trocytes. DA neurons were randomly selected, using a Leica
SP5 confocal microscope, and analyzed with ImageJ to deter-
mine the fraction of the neuronal soma area stained by cleaved
caspase-3 or covered by LC3-positive particles.

Statistical Analysis

All experiments were performed at least three independent
times. All data are presented as mean ± SEM. Group means
were compared with either the Student’s t test or ANOVA. All
P values were two tailed, and a P value of less than 0.05 was
considered statistically significant. All statistical analyses
were analyzed using GraphPad Prism (San Diego, CA,
USA) software.

Outlier values were identified with the Grubbs’ tests and
excluded from the analysis.

Differences among means were analyzed either by 1- or 2-
way analysis of variance (ANOVA), as appropriate, using the
post hoc Tukey’s multiple comparison test. In all cases, the
null hypothesis was rejected at the 0.05 level.

Biological Enrichment Analysis

Transcriptomic analysis of iPSC-derived DAn from PD pa-
tients (n = 10) and healthy controls (n = 4) was done as previ-
ously described [54]. Identified differentially expressed genes
(DEGs) after multiple testing adjustment of P values (n = 437)
were subjected to biological enrichment analysis. To this end,
we used the Core Analysis module of the Ingenuity® Pathway
Analysis (IPA) software (Qiagen, Redwood City, www.
qiagen.com/ingenuity) to identify biological enrichment of
canonical pathways deregulated in iPSC-derived DAn from
PD patients. More specifically, we used the Ingenuity
Knowledge Base of Genes, and considered only direct

molecules and/or relationships for humans. Statistical signifi-
cance of canonical pathways was computed by using the
Fischer’s exact test and significance levels were set at P below
0.05. Using IPAwe also calculated Z-score values which con-
sider the directional effect of one molecule on another mole-
cule or on a process, and also the direction of change of mol-
ecules in the dataset and provide predictions about whether the
pathway is predicted to be activated or inhibited, or if the
pathway is ineligible for such an assessment.
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Using a lentivirus-mediated labeling method, we investigated whether the adult

hippocampus retains long-lasting, self-renewing neural stem cells (NSCs). We first

showed that a single injection of a lentiviral vector expressing a green fluorescent protein

(LV PGK-GFP) into the subgranular zone (SGZ) of the adult hippocampus enabled

an efficient, robust, and long-term marking of self-renewing NSCs and their progeny.

Interestingly, a subset of labeled cells showed the ability to proliferate multiple times

and give rise to Sox2+ cells, clearly suggesting the ability of NSCs to self-renew for

an extensive period of time (up to 6 months). In addition, using GFP+ cells isolated

from the SGZ of mice that received a LV PGK-GFP injection 3 months earlier, we

demonstrated that some GFP+ cells displayed the essential properties of NSCs, such

as self-renewal and multipotency. Furthermore, we investigated the plasticity of NSCs

in a perforant path transection, which has been shown to induce astrocyte formation

in the molecular layer of the hippocampus. Our lentivirus (LV)-mediated labeling study

revealed that hippocampal NSCs are not responsible for the burst of astrocyte formation,

suggesting that signals released from the injured perforant path did not influence NSC

fate determination. Therefore, our studies showed that a gene delivery system using LVs

is a unique method to be used for understanding the complex nature of NSCs and may

have translational impact in gene therapy by efficiently targeting NSCs.

Keywords: lentiviral vectors, hippocampal neurogenesis, targeting, neural stem cells, lesion

INTRODUCTION

Evidence from several studies has shown that self-renewing and multipotent neural stem cells
(NSCs) are responsible for hippocampal neurogenesis, a process that maintains a NSC pool and
generates newborn neurons (Gage, 2000; Suh et al., 2007; Eisch et al., 2008; Bonaguidi et al.,
2011). This life-long production and integration of newborn neurons into the hippocampal neural
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circuits plays a crucial role in learning and memory as well
as emotional and stress response (Deng et al., 2010). The
regenerative capacity of NSCs has raised hopes that NSCs could
be used to replace degenerating cells as a part of therapy for
various neurodegenerative and neuropsychiatric disorders. This
therapeutic potential of NSCs underscores the importance of
understanding the properties of hippocampal NSCs.

The idea that hippocampal NSCs are multipotent and have
a self-renewal capacity has been widely accepted. However,
the details of these critical features of NSCs are still unclear.
For example, although hippocampal NSCs can differentiate
into both neurons and astrocytes, a series of fate-mapping
studies and lineage analyses revealed that hippocampal NSCs
produce predominantly neurons, whereas the generation of
astrocytes and oligodendrocytes is minimal to non-existent
(Seri et al., 2001; Kronenberg et al., 2003; Suh et al., 2007;
Lugert et al., 2010; Bonaguidi et al., 2011; Encinas et al., 2011;
Beckervordersandforth et al., 2014; Rolando et al., 2016; Pons-
Espinal et al., 2017). However, it remains to be determined
whether NSCs are continuously self-renewing over the long
term or whether they are short-lived cells (Bonaguidi et al.,
2011; Encinas et al., 2011; Beckervordersandforth et al., 2014).
Both models can explain the presence of self-renewing NSCs,
but they do not indicate whether NSCs are continuously self-
renewing or live only for a short time. These inconclusive
observations regarding key features of NSCs are partially due to
the technical challenges involved in labeling and tracing complex
NSC populations over time.

To address this issue directly, we used a lentivirus (LV)-
mediated gene delivery system that has shown to transduce
both dividing and non-dividing cells, including NSCs as well as
their progeny over a long-term marking period (Consiglio et al.,
2004; Suh et al., 2007). By taking advantage of LV’s ability to
efficiently transduce a GFP reporter gene in adult NSCs in vivo,
we clearly demonstrated the presence of long-lasting NSCs that
can proliferate multiple times when spaced by month intervals
and produce cells expressing a NSC marker, Sox2. Importantly,
when we isolated, cultured, and examined the properties of
GFP-labeled cells 3 months after we injected LV PGK-GFP into
the dentate gyrus (DG), we observed that the same population
labeled by LV PGK-GFP in vivo could expand and produce
neurons as well as astrocytes in vitro. Using a LV PGK-GFP,
we subsequently tested whether hippocampal NSCs underlies
the burst of astrocyte formation that occurs during performant
path (PP) injury. In the PP injury model that induces astrocyte
production in the hippocampus (Gage et al., 1988; Fagan and
Gage, 1994), we found that NSCs did not contribute to the burst
of astrocytes. Our studies demonstrate that a LV is a robust and
efficient gene delivery system that allows us to dissect the detailed
characteristics of hippocampal NSCs.

MATERIALS AND METHODS

LV Production and Stereotactic Surgery
The production and determination of LV PGK-GFP expression
were previously described in detail (Consiglio et al., 2004). We

used LV PGK-GFP that has 5 × 109 to 1 × 1010 transducing
units per ml with an HIV-1 p24 concentration of 100 μg/ml.
All procedures using animals were done in accordance with
protocols approved by the Animal Care and Use Committee of
the Salk Institute for Biological Studies and the Parc Cientific
of Barcelona. Six- to eight-week old female C57BL/6 (Harlan)
mice were used for all experiments. Mice were anesthetized with
a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg),
and 1 μl of vector was injected into the right hippocampal
dentate gyrus at a rate of 0.2 μl/min using a Hamilton (Reno,
NV, United States) syringe. Stereotactic coordinates were as
follows: AP = −2, ML = +1.5, DV = −2 in mm from
bregma. Mice were analyzed 15 days and 3 and 6 months after
injection.

BrdU Administration
To understand the long-term proliferation of GFP-transduced
cells in the adult hippocampus, 100mg/kg of Bromodeoxyuridine
(BrdU) was administrated daily by intraperitoneal (IP) injection
for 7 days [83 and 173 days post injection (dpi)]. Animals were
sacrificed 24 h after the last BrdU injection (90 and 180 dpi). To
examine the differentiation potential of GFP-labeled cells, a group
of mice received the same amount of BrdU at 30 dpi for 7 days
and were analyzed 4 weeks later.

Tissue Processing and

Immunohistochemistry
Detailed procedures regarding tissue processing and antibody
staining, including BrdU detection, were previously described
(Suh et al., 2007). Primary antibodies used were mouse
anti-Neuronal Nuclei (NeuN 1:10; kindly provided by Dr.
R. Mullen, University of Utah); mouse anti-Nestin (1:500;
Pharmingen); goat anti-Doublecortin (DCX 1:200; Santa Cruz
Biotechnologies); rabbit anti-Glial Fibrillary Acidic Protein
(GFAP 1:1000; Dako); rabbit anti-S-100β (1:5000; Swant); rat
anti-BrdU (1:200; Accurate Chemicals); rabbit anti-Ki67 (1:200;
Novocastra); rabbit anti-Sox2 (1:200, Chemicon); rabbit anti-
brain lipid binding protein (BLBP 1:1000; kindly provided by
N. Heintz, Rockefeller); rat anti-MUSASHI-1 (1:1000; a kind
gift from O. Hideyuki, Keiyo University, Japan); rabbit anti-GFP
(1:100, Molecular Probes); and guinea pig anti-GFAP (1:1,000).
Fluorescence immunohistochemistry (IHC) was performed using
corresponding FITC, Cy3, or Cy5 secondary antibodies (1:200,
all raised in donkey, Jackson ImmunoResearch, West Grove, PA,
United States). DAPI (10mg/ml, Sigma) was used as a fluorescent
counterstain.

Confocal stack images of brain slices (40 μm) were obtained
with the Confocal A1 Nikon Inverted SFC with 40× objective
and the Zeiss Spinning Disk with a 20× objective. Cell
quantification and analysis was performed using NIS-Elements
software (Nikon) and Zen Blue (Zeiss).

Cell Counting
To quantify the percentage of labeled cells in coronal sections
stained for GFP and BrdU, the number of BrdU-positive nuclei
was identified in a selected optical field and counted. The fraction
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of labeled nuclei showing GFP-positive cytoplasm in the same
field was then assessed. The analysis was performed on three
randomly chosen fields taken from two or three independent
non-sequential sections from three mice per experimental
group.

Perforant Path (PP) Lesion
Lentiviral vector expressing a green fluorescent protein was
injected into the right side of the dentate gyrus of six- to
eight-week old C57BL6 female mice (n = 5). One month later,
these mice received ipsilateral aspirative lesions that resulted
in the ablation of the PP as previously described (Fagan and
Gage, 1994). Brains were harvested and analyzed 7 days post-
surgery.

Preparation of Hippocampal Progenitors
Six- to eight-week old C57BL/6 female mice were injected with
LV PGK-GFP in the DG. Three months later, hippocampi were
isolated from these mice and used to prepare hippocampal
progenitor cells as previously described (Ray and Gage, 2006;
Suh et al., 2007). Briefly, 3–5 LV PGK-GFP injected hippocampi
were isolated from these mice and digested in PPD solution
[papain (2.5 U/ml, Worthington), pronage (1 U/ml, Roche),
and DNase (250 U/ml, Worthington)] and sucrose gradient
was applied to remove cell debris and myelin. Then cells were
plated in the presence of FGF2 (Fibroblast Growth Factor,
20 ng/ml; PeproTech), EGF (Epidermal Growth Factor, 20 ng/ml;
PeproTech), and heparin (5 μg/ml; Sigma) in DMEM/F12
(Life Technology) basal media supplemented with N2 (Life
Technology). Once NSCs were established and expanded in the
presence of FGF2 and EGF, we sorted out GFP-expressing cells
via FACS and established three clonally expanded NSCs lines.
The number of total GFP-expressing cells isolated by FACS was
around 2 × 10ˆ4 cells per preparation. To differentiate GFP-
expressing NSCs, 105 cells/cm2 were plated on the laminin-
coated glass chamber slides (Nalge Nunc International) and
cultured in differentiation medium consisting of DMEM/F12,
N2 supplement, and 5 μM forskolin (Sigma), for 7 more
days.

Immunofluorescence
The immunofluorescence staining on cell cultures was performed
after fixing NSCs for 30 min with 4% paraformaldehyde (PFA)
followed by extensive washings with PBS for 30 min. Cells
were washed three times with PBS 0,1% Triton X-100 (PBS-T)
and blocked for 2 h with PBS-T containing 5% normal goat
serum (Vector laboratories), followed by overnight incubation
with primary antibodies: rabbit anti- GFAP (1:1000; Dako);
mouse anti-Nestin (1:500; Pharmingen); rabbit anti-Sox2 (1:200;
Chemicon); anti-TUJ-1 (1:1,000; Chemicon). The next day,
after washing extensively with PBS-T, cells were incubated
with secondary antibodies. Cells were mounted in mounting
medium and counterstained with fluorescent nuclear dye DAPI
(Invitrogen). Images were obtained using the microscope Nikon
Eclipse at 20 or 40× magnification and quantification was
performed using a Cell-counter plugin in FIJI (Fiji is Just
ImageJ).

RESULTS

LV-Mediated Long-Term Labeling of

NSCs in the Hippocampus
To test the ability of LV to transduce hippocampal NSCs
in vivo, we injected a vesicular stomatitis virus-pseudotyped,
late-generation LV expressing the GFP into the right DG
of the mouse hippocampus (Consiglio et al., 2004). GFP
expression in the LVs was driven by the ubiquitously expressed
phosphoglycerate kinase promoter and by the posttranscriptional
regulatory element of the woodchuck hepadnavirus. Mice were
sacrificed after 2 weeks to assess cell phenotype shortly after
transduction or after 3 and 6 months as the longest time point.
Robust GFP-expressing cells were identified in both DG and
the hilus after 2 weeks of injection and during a six-month
period (Figures 1A,B). Because neither the VSV-G envelope
nor the PGK promoter provided neural precursor cell (NPCs)
specificity, the majority of GFP-labeled cells expressed post-
mitotic immature and mature neuronal markers (data not
shown).

Next, we tested whether the LV successfully labeled
hippocampal NSCs. Interestingly, IHC with NSCs markers
showed that a population of GFP+ cells located along the
subgranular zone (SGZ) co-localized with BLBP, NESTIN, SOX2,
GFAP, andMUSASH-1 2 weeks and 6 months after LV PGK-GFP
injection (Suh et al., 2007; Figures 1C–J).

Three-dimensional confocal images revealed that 38 ± 5.3%
(n = 3) of the GFP-positive cells in the SGZ expressed BLBP
marker, known to label a subset of neurogenic radial glia (Filippov
et al., 2003; Fukuda et al., 2003;Mignone et al., 2004; Gebara et al.,
2016), and 7 ± 2.2% (n = 3) was expressed in non-radial cells
(SOX2+ cells), suggesting the ability of LV PGK-GFP to target
NSCs that have the potential to self-renew and differentiate into
neurons in the adult hippocampus (Suh et al., 2007; Bonaguidi
et al., 2011; Gebara et al., 2016).

LV Marks a Cell Population That Retains

Multiple Proliferation Capacity
To test whether LV PGK-GFP is successfully transduced in NSCs
that have proliferation capacity over a long period of time, we
introduced BrdU 6 months post LV PGK-GFP injection. The
hippocampus was then examined to identify proliferating cells
24 h after the final BrdU injection. We found that 6.25 ± 1.8%
of GFP+ cells were positive for BrdU in the SGZ of the DG.
This observation indicates that initially targeted cells or their
progeny retain proliferation capacity over 6 months (Figure 2A).
We identified that 10 ± 1.4% of these GFP/BrdU double-
labeled cells expressed SOX2 marker (n = 3; Figure 2B),
known to represent the self-renewing and multipotent NSCs
(Suh et al., 2007). Doublecortin (DCX), a transient marker that
labels both neuroblasts and immature neurons, was used to
measure a continuous neurogenesis from GFP+ cells (Steiner
et al., 2006). Indeed, we observed both GFP/DCX double-
labeled cells (26.8 ± 2% of GFP+ cells; n = 3 Figure 2C) and
GFP/BrdU/DCX cells triple-labeled cells (60 ± 2.3% n = 3;
Figure 2D). Interestingly, these results collectively suggest that
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FIGURE 1 | Long-term marking of hippocampal NSCs by LV PGK-GFP. LV PGK-GFP was unilaterally injected into the hippocampal DG; brain sections were

analyzed 15 days (A) and 6 months (B) later. GFP expression was evident in the DG at both time points. A higher magnification view is displayed in insets (A,B).

GFP-expressing cells co-labeled with NSCs markers such as BLBP (C,D), NESTIN (E,F), SOX2, GFAP (G,H), and MUSASHI-1 (I,J) (arrows). Note that some

GFP-positive cells stained for SOX2 showed co-localization with radial glial cell markers such as GFAP in their processes (G,H). DG, dentate gyrus; SGZ is marked

with dotted lines.
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FIGURE 2 | A long-lasting NSC population in the adult hippocampus. GFP-positive neuroblasts were observed in the SGZ 6 months after LV PGK-GFP injection.

Some GFP+ cells incorporated BrdU (A) and maintained the expression of SOX2 (B), indicating that LV PGK-GFP-labeled NSC populations retained the proliferation

capacity over a six-month tracing period. Many of the GFP-labeled cells expressed the early neuronal marker doublecortin (DCX; C). Higher magnification picture of

the triple-labeled cells GFP/DCX/BrdU (D).

NSCs are continuously generated from targeted GFP+ cells and
actively produce neuroblasts even 6 months after LV injection.

Long-Term Maintenance of NSCs in the

Hippocampus
Next, we investigated the cell fate of the proliferating GFP+
cells and their extensive proliferation ability. One month after
the LV PGK-GFP injection, mice were injected with BrdU daily

for 7 days and sacrificed 4 weeks after the last BrdU injection.
The majority of progeny of proliferating GFP+ cells (GFP/BrdU
double-labeled cells) gave rise to 87.5 ± 2.5% neurons which
account for 40% DCX+ and 60% NeuN+ (Figure 3A).
Specifically, neurons positive for NeuN expressed a granular
neuron-specific marker, Prox1 (data not shown) and displayed
distinctive morphological features of mature granular neurons
in the DG. In contrast to a dominant neuronal differentiation
of GFP-labeled cells, proliferating GFP+ (GFP/BrdU+) cells
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produced a significantly lower number of mature astrocytes that
co-labeled with S-100β (3.9 ± 0.49% GFP/BrdU/S-100 β+ cells)
(Figure 3B); the generation of new oligodendrocytes was not
detected in our experimental paradigm. These results are in line
with those obtained by using other labeling methods (Song et al.,
2002;Maslov et al., 2004; Steiner et al., 2004; Suh et al., 2007, 2009;
Zhao et al., 2008; Venere et al., 2012). We also performed IHC
with BrdU and MCM2 to test the proliferation capacity of GFP+
cells (Maslov et al., 2004). A triple staining revealed a subset of
GFP/BrdU double positive cells expressing MCM2 (2.3 ± 1.2%),
indicating that GFP+ cells had proliferated 1 month after LV
injection and were in continuous cell cycle for an additional
month (Figure 3C).

Our assessment of the differentiation capacity of GFP+ cells
in vivo was in sharp contrast to the multipotency capacity of
the hippocampal NSCs in vitro that has been reported in many
studies: while GFP+ cells in vivo differentiated predominantly to
neurons, cultured NSCs produced more astrocytes than neurons.
This finding raised the possibility that neurogenic cells labeled by
LV PGK-GFP might differ from the cell population that gives rise
to hippocampal NSCs in vitro. To test this hypothesis, we isolated
the hippocampal NSCs 3 months after we injected LV PGK-
GFP into the DG and established NSCs with clonally derived
GFP+ cells. Clonally expanded GFP+ NSCs showed their ability
to propagate at least 20 times, maintaining the expression of
NSC markers of NESTIN and SOX2 (Figure 3D). When the
NSCs were induced to differentiate in the presence of forskolin,
the majority of GFP+ NSCs differentiated into astrocytes
positive for GFAP, although a moderate amount of GFP+ NSCs
gave rise to neurons positive for Tuj1 (Figures 3E,F). These
results showed that LV PGK-GFP clearly targeted the same
cell populations that serve as a source of both in vitro and
in vivo NSCs, though the in vitro conditions favored astroglial
differentiation.

Differentiation Potential of NSCs in the

Perforant Path Injury
It has been shown that unilateral injury of the perforant path
(PP) induces degeneration of axon terminals of the entorhinal
neurons and a burst of astrocyte formation in the molecular
layer of the ipsilateral hippocampus (Gage et al., 1988; Fagan and
Gage, 1994). It has been a long lasting question whether NSCs
in the dentate gyrus could contribute to the PP injury-induced
astrocytes. To directly answer to this question, 1 month after
LV PGK-GFP was injected to label NSCs in the DG, a unilateral
transection of the PPwas performed. BrdUwas injected for 3 days
and the brain was analyzed 4 days later.

Consistent with previous reports, the generation of astrocytes
expressing GFAP increased on the ipsilateral side of themolecular
layer (Figure 4A). Thus, by immunofluorescence analyses, we
confirmed that the ablation of inputs from entorhinal cortex to
the granular neurons causes degeneration of axons and results
in increased astrocyte proliferation (GFAP/BrdU double positive
cells), specifically in the DG-molecular layer of the lesioned
side (Figure 4A). However, the contribution of GFP+ cells to
newly generated astrocytes was not detected, suggesting that

GFP+ NSCs were not responsible for the burst of astrocytes
(Figure 4B).

DISCUSSION

Self-renewing and multipotent NSCs are responsible for
continuous neurogenesis in the adult hippocampus. These two
properties of NSCs are critical for the production of newborn
neurons and maintenance of a stem cell pool throughout
life. As neurogenesis occurs, adult NSCs undergo changes in
their intrinsic properties such as morphology, gene expression,
proliferation kinetics, and self-renewal capacity and ultimately
produce differentiated neural cells (Zhao et al., 2008; Suh et al.,
2009). In the normal brain, the production, and integration
of newborn neurons into the preexisting neural circuits play
a key role in hippocampus-dependent learning and memory
(Aimone et al., 2011). In pathological conditions, however,
injury-associated signals appear to affect many aspects of
neurogenesis, leading to changes in the proliferation of NSCs,
survival and fate determination of newborn cells (Lindvall
and Kokaia, 2006; Llorens-Bobadilla et al., 2015). Dysregulated
neurogenesis has been implicated in functional deficits. In this
report, we investigated the precise characteristics of LV-targeted
NSCs to understand how NSCs contribute to neurogenesis in
normal and injured brains.

Two different models have been proposed to address the
nature of the longevity of NSCs in the adult hippocampus:
long-lasting and continuously self-renewing NSCs vs. one-time
activated and short-living NSCs. In the former model, NSCs
continuously proliferate to maintain a NSC pool and produce
newborn neurons and astrocytes (Suh et al., 2007; Bonaguidi
et al., 2011). In the latter model, however, NSCs are proposed
to be activated only once throughout life, to proliferate a
limited number of times and sequentially generate neurons and
astrocytes within a period of a month (Encinas et al., 2011). This
latter model of short-lived NSCs is in line with previous in vitro
studies, suggesting that the adult hippocampus does not contain
NSCs but only lineage-committed and transiently proliferating
cells (Seaberg and van der Kooy, 2002; Bull and Bartlett, 2005).
The key difference between these models is whether NSCs have
a long-term or short-term self-renewal ability. Here, using an
advanced-generation LV (Consiglio et al., 2004), we showed that
a subpopulation of GFP+ cells (indicating lentivirus-mediated
labeling), retained the proliferative capacity over a six-month
labeling period analyzed. Moreover, some GFP+ cells divided
multiple times (GFP/BrdU/MCM2) within a one-month interval,
producing progeny expressing a NSC marker (GFP/BrdU/SOX2)
over the two-month period analyzed. That NSCs were targeted
in vivo by LVs was further validated by culturing experiments
demonstrating that some of the transduced SGZ cells behaved
as long-term self-renewing progenitors in vitro and they
could propagate for up to 5 months (the latest time tested).
Interestingly, when we analyzed the differentiation ability of the
labeled cells in vitro, our results showed that while GFP+ cells
in vivo differentiated predominantly to neurons, cultured NSCs
produced more astrocytes than neurons, indicating that in vitro
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FIGURE 3 | Long-term maintenance of NSCs in the adult hippocampus. Fate mapping of GFP+ identified NSCs that proliferate and produce neurons (A) and

astrocytes (B). Some NSCs underwent cell proliferation proliferated twice in a one-month interval (C). GFP-labeled cells in vivo gave rise to in vitro NSCs. In vitro,

GFP+ NSCs expressed NSC markers such as NESTIN and Sox2 (D) and differentiated into neurons (TUJ1) and astrocytes (GFAP) (E). GFP+ derived-neurons and

astrocytes at day 7 of differentiation (F).

conditions favored astroglial differentiation. When we clonally
expanded GFP+ NSCs that had already been established in vitro,
they all showed the similar differentiation ratio of neuron and
astrocytes, suggesting this preferred astrocyte differentiation is
likely to reflect the general NSC properties in vitro.

Using our LV system, we directly asked whether NSCs in the
DG directly contributed to astrocytes formation by performing
a unilateral transection of the PP, which induces astrocyte
production specifically in the molecular layer of the ipsilateral
DG (Gage et al., 1988; Fagan and Gage, 1994). Since the site of
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FIGURE 4 | The fate of hippocampal NSCs did not change following PP injury. A brain lesion in the perforant path resulted in over-expression of GFAP-positive cells

in the molecular layer of the injury side but not the contralateral side (A, dotted line). As expected, an increased number of astrocytes (positively stained with BrdU)

was found in the molecular layer of the ipsilateral side (B, left) but not in the contralateral side of these animals (B, right); however, GFP-labeled progenitors did not

contribute to the increased astrocyte numbers.

astrocyte induction is geographically separated from the injury
site, our experimental paradigm has the advantage of ruling out
the possibility that the cellular phenotypes we observed were
caused by the direct physical damage to the brain. In such
an experimental condition that facilitates astrocyte induction,

we predicted we would observe increased astrocyte formation
derived from NSCs labeled by a lentiviral vector. Contrary to
what was expected, our fate mapping showed that NSCs did
not contribute to the formation of astrocytes. LV-mediated fate
mapping revealed that the fate determination of NSCs might be
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less influenced by environmental cues in the injured brains, and
astrocyte progenitors located in the molecular layer might be
responsible for astrocyte induction in the case of the PP injury
model (Buffo et al., 2008; Zhang and Barres, 2010).

Although these findings support the conclusion that our
lentiviral system is able to induce transgene expression in a
long-lasting, self-renewing NSCs within the hippocampus of the
adult mouse brain that continually give rise to proliferating
neuronal progenitors that contribute to maintain neurogenesis
in the hippocampus, the fraction of NSC that were actually
transduced in vivo remains to be determined. An unequivocal
characterization of the cell type originally transduced by the LV
may require the use of cell type specific promoters restricted
to NPCs. However, in spite of its uncertain identity, our
findings indicate that LV, in combination with BrdU-labeling and
morphological analysis, allows long-term studies of adult NSCs
properties in vivo. In future experiments, we will test whether
the combination of the usage of cell type specific promoters and
different glycoprotein will improve targeting specificity, which is
a critical factor also for successful gene therapy.
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SUMMARY

Parkinson’s disease (PD) is associated with the degeneration of ventral midbrain dopaminergic neurons (vmDAns) and the accumulation

of toxic a-synuclein. A non-cell-autonomous contribution, in particular of astrocytes, during PD pathogenesis has been suggested by

observational studies, but remains to be experimentally tested. Here, we generated induced pluripotent stem cell-derived astrocytes

and neurons from familial mutant LRRK2G2019S PD patients and healthy individuals. Upon co-culture on top of PD astrocytes, control

vmDAns displayed morphological signs of neurodegeneration and abnormal, astrocyte-derived a-synuclein accumulation. Conversely,

control astrocytes partially prevented the appearance of disease-related phenotypes in PD vmDAns. We additionally identified dysfunc-

tional chaperone-mediated autophagy (CMA), impaired macroautophagy, and progressive a-synuclein accumulation in PD astrocytes.

Finally, chemical enhancement of CMA protected PD astrocytes and vmDAns via the clearance of a-synuclein accumulation. Our find-

ings unveil a crucial non-cell-autonomous contribution of astrocytes during PD pathogenesis, and open the path to exploring novel ther-

apeutic strategies aimed at blocking the pathogenic cross talk between neurons and glial cells.

INTRODUCTION

Parkinson’s disease (PD) is the secondmost prevalent neuro-

degenerative disease after Alzheimer’s disease, affecting 7

to 10 million people worldwide (Global Burden of Disease

Study Collaborators, 2015). PD is characterized by a signifi-

cant loss of ventral midbrain dopaminergic neurons

(vmDAns) in the substantia nigra pars compacta. The pres-

ence of intracellular protein aggregates of a-synuclein

(a-syn) in the surviving vmDAns has been reported in post-

mortem PD tissue (Greenamyre and Hastings, 2004). Most

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

accountable for 15% of patients (Lill, 2016). 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 protein kinase domains

involved in several cellular functions, including autophagy

(Cookson, 2016; Orenstein et al., 2013; Su et al., 2015).

Correlations between mutant LRRK2 and several path-

ogenic mechanisms linked to PD progression have been

previously reported, including alterations in autophagy

and consequent accumulation of a-syn (Cookson,

2017). Neuronal mutant LRRK2 toxicity was found to

depend on LRRK2 levels and a-syn accumulation as

opposed to kinase activity or inclusion bodies in induced

pluripotent stem cell (iPSC)-derived neurons (Skibinski

et al., 2014). During PD pathogenesis, mutant LRRK2

was found to directly bind LAMP2A, the receptor respon-

sible for chaperone-mediated autophagy (CMA) nor-

mally used by both LRRK2 and a-syn 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 a-syn

and cell death.
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iPSCs derived fromhealthy individuals and patients have

accelerated advances in developing genuinely human

experimental models of diseases (Zeltner and Studer,

2015). In the case of PD, previous studies by our groups

and others have generated iPSCs from patients with PD

associated with LRRK2 mutations, and described the

appearance of disease-specific phenotypes in iPSC-derived

neurons, including impaired axonal outgrowth and defi-

cient autophagic vacuole clearance (Heman-Ackah et al.,

2017; Nguyen et al., 2011; Sanchez-Danes et al., 2012;

Skibinski et al., 2014). Moreover, dopaminergic (DA) neu-

rons from LRRK2-mutant iPSCs displayed alterations in

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

abnormal accumulation of a-syn observed in these cells,

which predated any morphological signs of neurodegener-

ation (Orenstein et al., 2013).

Studies investigating PD pathogenesis have been mostly

focused on the mechanisms underlying vmDAn degenera-

tion and death. However, there is evidence of astrocytes

accumulating a-syn during PD through postmortem anal-

ysis (Braak et al., 2007; Wakabayashi et al., 2000). Altered

a-syn released by axon terminals in the surrounding synap-

ses is taken up by astrocytes, supporting the hypothesis of

the spread of a-syn through neuron-astrocyte interactions

(Braak et al., 2007; Lee et al., 2010). Overexpression of

mutant SNCA in primary astrocytes altered their normal

functioning and impaired proper blood-brain barrier con-

trol and glutamate homeostasis, and eventually resulted

in a significant loss of vmDAns (Gu et al., 2010). In a study

using human brain homogenates from PD patients with

Lewy bodies, a-syn was found to be taken up and spread

from astrocytes to neurons, leading to neuronal death

(Cavaliere et al., 2017). As a result, a role of astrocyte

dysfunction in PD pathogenesis is emerging (Booth et al.,

2017).

In the present study, we generated patient-specific iPSC-

derived astrocytes and vmDAns from PD patients with the

LRRK2 G2019S mutation and healthy individuals. We

consistently generated a population of human vmDAns

in vitro that expressed postmitotic dopaminergic markers

and fired action potentials. Subsequently, we co-cultured

healthy iPSC-derived vmDAns with iPSC-derived astro-

cytes expressing the mutated form of LRRK2 associated

with PD. In co-culture experiments, we detected a signifi-

cant decrease in the number of vmDAns in the presence of

LRRK2-PD astrocytes, which correlated with the abnormal

accumulation of astrocyte-derived a-syn. Conversely, con-

trol astrocytes were able to partially rescue disease-related

phenotypes in LRRK2-PD vmDAns during co-culture. A

more in-depth investigation revealed impaired autopha-

gic machinery, as well as progressive accumulation of

endogenous a-syn in PD astrocytes, compared with con-

trol astrocytes. By treating the cells with an activator

of CMA, we were able to prevent the appearance of

PD-related phenotypes in patients’ astrocytes. Overall,

our findings represent a direct indication that dysfunc-

tional astrocytes play a crucial role during PD pathogen-

esis and may have broad implications for future

intervention in early stages of PD.

RESULTS

Generation and Characterization of iPSC-Derived

Patient-Specific Astrocytes

To establish an in vitro human cellular model for dissecting

the interplay between neurons and astrocytes in PD, we

first derived astrocyte-like cells from iPSCs, using a previ-

ously published protocol (Serio et al., 2013). Specifically,

astrocyte cultures were successfully established from iPSC

lines from three PD patients carrying the G2019Smutation

in the LRRK2 gene (PD SP06, PD SP12, and PD SP13) and

two healthy age-matched controls (Ctrl SP09 and Ctrl

SP17) (see Table 1 and Tables S1 and S2 for a summary of

the iPSC lines used, and Experimental Procedures for de-

tails on their origin). Immunocytochemistry (ICC) detec-

tion of key astrocyte markers showed robust expression

of CD44, glial fibrillary acidic protein (GFAP), and S100

calcium-binding protein b (S100b), as well as of the excit-

atory amino acid transporter 2 (EAAT2, also known as

GLT1), in all human iPSC-derived astrocytes (Figure 1A).

No evident contamination by other cell types, such as

neurons or oligodendroglial progenitors, was found as

assessed by immunostaining with anti-MAP2 or NG2

antibody, respectively (Figures 1A and 1B). The astrocytic

identity was further confirmed by quantitative RT-PCR of

GFAP and additional astrocyte-specific genes, including

MLC1, SOX9, ALDH1L1, AQP4, DIO2, and SLC4A4, which

were expressed in Ctrl and PD astrocytes, and in human

primary astrocytes, but not in iPSCs (Figures S1A–S1C).

Table 1. Summary of the Healthy Controls and Patients Used in
This Study

Code Status Sex
Age at
Biopsy Mutation

Isogenic
Control

SP09 control M 66 no

SP11 control M 52 no

SP17 control F 48 no

SP06 Parkinson’s

disease

M 44 LRRK2

G2019S

SP12 Parkinson’s

disease

F 63 LRRK2

G2019S

SP13 Parkinson’s

disease

F 68 LRRK2

G2019S

LRRK2 G2019S

corrected

214 Stem Cell Reports j Vol. 12 j 213–229 j February 12, 2019
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To validate astrocyte cell type identity, we also tested

the expression of astrocyte-specific genes revealed by the

Human Astrocyte RNA-Seq database (www.brainrnaseq.

org/) in our iPSC-derived astrocytes, through RNA

sequencing. We found that the transcriptomic profile of

both Ctrl and PD iPSC-derived astrocytes was closer to

that of human primary astrocytes than to that of their

corresponding iPSC line, thus confirming their identity

(Figure 1C). We next determined the functional matura-

tion of iPSC-derived astrocytes by confirming their capacity

Figure 1. iPSC-Derived Patient-Specific Astrocyte Generation and Characterization
(A) Representative ICC images of astrocytes from two Ctrl iPSC lines (Ctrl SP09 and Ctrl SP17) and three PD iPSC lines (PD SP12, PD SP13,
and PD SP06) staining positive for CD44 (astrocytic precursor marker), GFAP (general astrocytes), S100b (mature astrocytes), and GLT1
(excitatory amino acid transporter 2), and negative for TUJ1 (immature neurons), MAP2 (mature neurons), and NG2 (oligodendrocytes)
expression. Number of independent astrocyte lines generated from iPSC per patient = 3. Number of independent experiments per astrocyte
line generated = 3. Scale bar, 100 mm.
(B) Astrocyte cultures are composed of approximately 95% astrocytes, 4% neurons, and 1% other (n = 3).
(C) Heatmap showing sample similarities taking the rlog transformed data and Euclidean distances between samples. iPSC-derived
astrocyte (Ctrl SP09 and PD SP12) samples cluster closer to the human primary astrocytes than the corresponding iPSC group (n = 2).
(D) Functional ATP production luminescence (counts normalized to controls) in both Ctrl (SP09 and SP17) and PD (SP13, SP12, and SP06)
astrocytes (n = 3). Data are expressed as mean ± SEM, unpaired two-tailed Student’s t test.

Stem Cell Reports j Vol. 12 j 213–229 j February 12, 2019 215
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Figure 2. vmDAn Generation, Characterization, and Co-culture Setup
(A and B) Representative immunofluorescence images of Ctrl SP11 vmDAn after (A) 35 or (B) 50 days of neuronal differentiation.
iPSC-derived neural cultures express markers specific for neurons (MAP2), DAns (TH), and midbrain-type DAns (FOXA2 and GIRK2).
Scale bar, 20 mm.
(C) Percentage of differentiated cells that stained positive for TH and double positive for TH and FOXA2 and TH and GIRK2 after 50 days of
differentiation (n = 4).

(legend continued on next page)
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to produce ATP (Figure 1D) and propagate intercellular

Ca2+ waves (Figures S1D–S1H). Indeed, by using the

Fluo-4 AM Ca2+ indicator, recordings from Ctrl and PD

astrocytes showed a heterogeneous pattern of Ca2+ fluctua-

tions under basal conditions, revealing their func-

tionality. All together, these data support the successful

generation of highly pure populations of functionally

equivalent astrocyte-like cells, which represent a contin-

uous source of human Ctrl and PD astrocytes for subse-

quent analyses.

Generation of vmDAns and Setup of Neuron-Astrocyte

Co-culture System

To investigate whether astrocytes contribute to PD patho-

genesis, we established a co-culture system of iPSC-derived

astrocytes and iPSC-derived vmDAns. PD vmDAns were

generated from iPSC lines from two PD patients carrying

the G2019S mutation in the LRRK2 gene (iPSC lines PD

SP12 and PD SP13), whereas Ctrl vmDAns were obtained

from two independent iPSC clones (Ctrl SP11 and Ctrl

SP11#4) from a healthy age-matched control (see Tables

1, S1, and S2 for a summary of the iPSC lines used). To

differentiate iPSCs toward vmDAns, we used a combina-

tion of two previously published (Chambers et al., 2009;

Kriks et al., 2011) midbrain floor-plate differentiation pro-

tocols that was comparably effective in all iPSC lines

analyzed. Under these conditions, �20% of cells in the

cultures were committed to DA neuron fate by day 35 of

differentiation, as judged by the expression of tyrosine

hydroxylase (TH) and forkhead box protein A2 (FOXA2)

(Figure 2A). By day 50 of differentiation, the percentage

of TH+ neurons reached �30%, most of which also

expressed the A9-domain-specific marker G-protein-

activated inward rectifier potassium channel 2 (GIRK2),

and displayed spontaneous action potential firing (Figures

S2B–S2D). For co-culture experiments with control astro-

cytes, we dissociated vmDAn cultures after 35 days of dif-

ferentiation and plated them onto a confluent layer of

Ctrl iPSC-derived astrocytes (Figure 2E). After 4 weeks of

co-culture, we found that astrocyte-neuron glutamate

exchange was present through glutamate transporter 1

(GLT1) expression (Figure 2F) and neuronal synapse for-

mation (Figure 2G). Accordingly, an overall healthy

neuronal network comprising MAP2-positive cells was

formed upon co-culture (Figure 2H).

Control vmDAns Show Morphological Signs of

Neurodegeneration when Co-cultured with PD

Astrocytes

We then examined the effects of astrocytes expressing

mutated LRRK2 on the survival of Ctrl iPSC-derived

vmDAns upon co-culture (Figure 3A). After 2 weeks of

co-culture with PD astrocytes, Ctrl vmDAns displayed

morphological alterations, including shortened neurites,

and significantly decreased cell survival compared with

co-cultures with Ctrl astrocytes (Figures S2A–S2C). These

alterations were much more evident after 4 weeks of

co-culture, when Ctrl vmDAns cultured on top of PD

astrocytes showed extensive signs of neurodegenerative

phenotypes (fewer and shorter neurites, and abundance

of beaded-necklace neurites) and severely compromised

cell survival (less than �25% of control), compared with

co-cultures with control astrocytes (Figures 3B–3F). The

fact that the numbers of vmDAns did not change signifi-

cantly during the co-culture with control astrocytes, but

progressively declined when co-cultured with PD astro-

cytes, strongly suggests that vmDAns were lost under the

latter conditions as a result of neurodegeneration, rather

than a blockade in vmDAn differentiation or maturation.

Viability tests of both Ctrl and PD astrocytes at 2 and

4 weeks of co-culture revealed highly similar values, indi-

cating that neurodegenerative signs displayed by Ctrl

vmDAns were not caused by a dying PD astrocyte (Fig-

ure S2D). Interestingly, vmDAn neurodegeneration upon

co-culture with PD astrocytes was specific to this type of

neuron, because non-dopaminergic neurons (TH�/MAP2+)

did not significantly change in numbers or morphology

after co-culture with Ctrl or PD astrocytes (Figures S2E–

S1J). All together, these results indicate a neurotoxic capac-

ity of PD astrocytes toward vmDAns, with no effects on

other neuronal types concomitantly present in cultures.

Control vmDAns Accumulate a-syn when Co-cultured

with PD Astrocytes

Given the relevance of a-syn in the context of PD patho-

genesis (Braak et al., 2007), we sought to examine whether

(D) Calcium wave flux recording over 30 min with calcium tracer Fluo-8 AM of vmDAns at day 50 (n = 3).
(E) Diagram of co-culture system.
(F) Representative ICC images of 4-week co-culture staining positive for Ctrl SP11 vmDAns (TH), Ctrl SP17 astrocytes (S100b), excitatory
amino acid transporter 2 (GLT1), and nuclear DAPI. Scale bar, 20 mm.
(G) Representative ICC images of presynaptic markers a-syn and synapsin-1 of a Ctrl SP11 vmDAn (TH) on the top of Ctrl SP11 astrocytes
after 4 weeks in co-culture. Scale bar, 10 mm.
(H) Representative ICC images of Ctrl SP11 vmDAns (TH) and mature neurons (MAP2) on the top of Ctrl SP09 astrocytes (GFAP) during a
4-week co-culture period. Scale bar, 20 mm.
Boxed area on the left in (F), (G), and (H) is shown on the right.
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vmDAns co-cultured with PD astrocytes abnormally accu-

mulated a-syn. a-syn was barely detectable in the cyto-

plasm of Ctrl vmDAns cultured alone (data not shown) or

when co-cultured with Ctrl astrocytes (Figure 3G). In

contrast, Ctrl vmDAns accumulated high levels of a-syn

throughout the neurites and cell body after 4 weeks of

co-culture with PD astrocytes (Figures 3H and 3I). Notably,

while Ctrl astrocytes had undetectable levels of a-syn (Fig-

ure 3J), PD astrocytes displayed high levels of a-syn (Figures

3K and 3L), raising the intriguing possibility that a-syn

from PD astrocytes might be transferred to Ctrl vmDAns.

To directly address if this was the case, we genetically engi-

neered two iPSC lines (representing one PDpatient and one

healthy control) using CRISPR/Cas9 technology so that the

endogenous a-syn would be tagged with a FLAG peptide

(a-syn-FLAG iPSC lines; Figures S2K and S2L and Tables

S2 and S3). a-syn-FLAG-tagged astrocytes were generated

and fully characterized (Figure S2M). As expected, PD

a-syn-FLAG tagged astrocytes accumulated abnormally

high levels of a-syn, which co-localized with anti-FLAG

staining (Figure 3M). More importantly, the co-culture of

Ctrl vmDAns on top of a-syn-FLAG-tagged PD astrocytes

for 4 weeks resulted in FLAG-tagged a-syn accumulation

in neurons, demonstrating the direct transfer of astrocytic

a-syn to neurons (Figure 3N).

In addition to co-culturing cells with direct glia-neuron

contact, we tested the effect of culturing Ctrl vmDAns

with medium conditioned by Ctrl or PD astrocytes at

different concentrations (Figure S3A). Exposure of Ctrl

vmDAns to PD astrocyte-conditioned medium for 1 week,

even at low concentrations, resulted in a-syn accumula-

tion, morphological alterations suggestive of neurodegen-

eration, and decreased cell survival (Figures S3B–S3H),

indicating that PD astrocytes secrete a molecule(s) that is

toxic to vmDAns. Direct uptake by vmDAns of a-syn

from conditioned medium was tested by exposing Ctrl

vmDAns to medium collected from PD a-syn-FLAG-tagged

astrocytes (Figures S3I–S3J), suggesting that the neurotoxic

effect of PD astrocytes on vmDAns is, at least in part, medi-

ated by secretion of a-syn.

Control Astrocytes Partially Rescue

Neurodegeneration of PD vmDAns

We have previously shown that vmDAns derived from

PD-iPSCs show signs of neurodegeneration (including

reduced numbers of neurites and neurite arborization, as

well as accumulation of abnormal a-syn in the soma) after

50 days of culture, which are not evident in Ctrl vmDAns

(Sanchez-Danes et al., 2012). To test whether the neurode-

generation could be rescued or prevented by healthy

astrocytes, we co-cultured PD vmDAns with Ctrl or PD

astrocytes. After a 4-week co-culture, PD vmDAns showed

a partially recovered neurite number and complex

neurite arborization when co-cultured on control astro-

cytes, compared with co-cultures with PD astrocytes (Fig-

ures 4A–4E). This rescue was partial, since PD vmDAns

Figure 3. Ctrl Neurons Show Signs of Neurodegeneration and Accumulate a-syn when Co-cultured with PD Astrocytes
(A) Scheme representing co-culture system of Ctrl neurons on the top of Ctrl or PD astrocytes for 4 weeks.
(B and C) Representative ICC images of tyrosine hydroxylase (TH, black) from co-cultures of Ctrl SP11 neurons with (B) Ctrl SP09 astrocytes
and (C) PD SP13 astrocytes for 4 weeks. Images on the right show a magnification of the area boxed in the left images; scale bars, (left)
20 mm and (right) 0.2 mm.
(D) Percentage of TH+/DAPI of Ctrl SP11 and Ctrl SP11#4 neurons when co-cultured with Ctrl SP09, Ctrl SP17, or PD SP12, PD SP13, and PD
SP06 astrocytes for 4 weeks (n = 3 per combination).
(E and F) (E) Neurite length quantification and (F) number of branches of Ctrl SP11 TH-positive neurons and Ctrl SP11#4 TH-positive
neurons when co-cultured on Ctrl SP09, Ctrl SP17, and Ctrl SP11 astrocytes or PD SP12, PD SP13, and PD SP06 astrocytes for 4 weeks (n = 3);
30 neurons counted per experiment.
(G and H) Representative ICC images of Ctrl SP11 vmDAns co-cultured with (G) Ctrl SP09 and (H) PD SP13 astrocytes after 4 weeks and
stained for TH (vmDAn), a-syn, and DAPI. Arrows indicate the selected cell for which an insert is shown at higher magnification. Scale bar,
0.2 mm.
(I) Quantitative analysis of the percentage of vmDAns stained positive for a-syn when Ctrl SP11 and Ctrl SP11#4 neurons were co-cultured
with Ctrl SP09, Ctrl SP17, or PD SP12, PD SP13, and PD SP06 astrocytes for 4 weeks (n = 3).
(J and K) Representative ICC images of (J) Ctrl SP09 or (K) PD SP13 astrocytes co-cultured with Ctrl SP11 vmDAns for 4 weeks, stained for TH
(vmDAn), GFAP (astrocytes), a-syn, and DAPI. Arrows indicate the selected cell for which an insert is shown at higher magnification.
Scale bar, 20 mm.
(L) Quantitative analysis of the percentage of astrocytes stained positive for a-syn when Ctrl SP11 and Ctrl SP11#4 neurons were
co-cultured with Ctrl SP09, Ctrl SP17, or PD SP12, PD SP13, and PD SP06 astrocytes for 4 weeks (n = 3).
(M) Scheme representing the generation of CRISPR/Cas9 edited a-syn-FLAG astrocyte line. Representative image of a-syn-FLAG PD SP12
astrocyte (GFAP) showing perfect a-syn (red) and FLAG (green) co-localization. Scale bar, 20 mm.
(N) Representative ICC image depicting astrocyte-derived FLAG (green) inside of a TH-positive Ctrl SP11 neuron (red) during a 4-week
co-culture period with PD SP12 a-syn-FLAG astrocytes (n = 3). Dashed line shows the outline of the cell. Scale bar, 10 mm.
Data are expressed as mean ± SEM, unpaired two-tailed Student’s t test, ***p < 0.001.
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co-cultured with control astrocytes did not reach the levels

of cell survival and complex neurite arborization seen in

co-cultures of Ctrl vmDAns and Ctrl astrocytes (compare

Figures 4A and 4C–4E with 3B and 4D–4F). Moreover,

co-culture with Ctrl astrocytes also prevented the accumu-

lation of a-syn in PD vmDAns that was evident in co-cul-

tures with PD astrocytes (Figures 4A, 4B, and 4F). Notably,

most Ctrl astrocytes when co-cultured with PD vmDAns

adopted a flat morphology with moderate levels of a-syn;

however, some harbored a hypertrophic morphology

with retracted processes that accumulated very high levels

of a-syn (Figures 4G and 4H), suggesting that reactive astro-

cytes may contribute to the clearance of vmDAn a-syn

accumulation. Culture of PD vmDAns with medium

conditioned by Ctrl astrocytes also rescued cell survival,

morphological alterations, and a-syn accumulation (Fig-

ures S3K–S3S), indicating that direct neuronal-glial contact

was not necessary for the neuroprotective effect.

We next investigated the causative role of the genetic

background of patient-specific astrocyte cells by ectopically

expressing mutated LRRK2 G2019S in Ctrl astrocytes. In

these experiments, Ctrl astrocytes were transfected with a

plasmid expressing V5-tagged LRRK2 G2019S, or with a

Ctrl plasmid expressing GFP, and analyzed 7 days after

transfection for the presence of a-syn. Astrocytes trans-

fected with LRRK2 G2019S exhibited diffuse cytoplasmic

accumulations of a-syn (Figure S4A), which were not

present in GFP-transfected cells (Figure S4B). The transfec-

tion efficiencies (30%–40%, as evaluated by co-staining for

V5/GFAP or GFP/GFAP) were comparable under both con-

ditions (Figure S4C). Next, we co-cultured Ctrl vmDAns for

4 weeks with LRRK2 G2019S-transfected Ctrl astrocytes, or

with GFP-transfected astrocytes as a control, and we found

a-syn accumulation in 50% of the TH+ neurons only in

co-cultures with LRRK2 G2019S-transfected astrocytes

(Figures S4D–S4G). Overall in these cultures we found

decreased survival of vmDAns and evident morphological

alterations (Figures S4H–S4I), including fewer and shorter

neurites compared with vmDAns cultured on top of GFP-

transfected astrocytes, indicating that the expression of

pathogenic LRRK2 in Ctrl astrocytes is deleterious for the

survival of dopaminergic neurons.

For the converse experiment, we generated isogenic PD

astrocytes lacking the LRRK2 G2019S mutation by

CRISPR/Cas9-mediated gene editing of PD iPSCs (iPSC

line PD SP13, from here on referred to as PD iso), and fully

characterized these cells (Figures S5A–S5E). Abnormal

a-syn accumulation did not occur in gene-corrected astro-

cytes, in contrast with their isogenic mutant counterparts

(Figures S5F and S5G). Moreover, co-culturing gene-

corrected astrocytes with Ctrl vmDAns for 4 weeks pre-

vented the accumulation of a-syn and decrease in neuron

survival observed when Ctrl vmDAns were co-cultured

with PD astrocytes (Figures S5H–S5J), further supporting

that the expression of mutant LRRK2 in astrocytes is path-

ogenic to Ctrl vmDAns.

Dysfunctional Chaperone-Mediated Autophagy and

Progressive a-syn Accumulation in PD Astrocytes

Since PD astrocytes displayed higher levels of a-syn

compared with controls, we next investigated possible dif-

ferences in a-syn turnover in these cells. Degradation of

a-syn in lysosomes occurs in large extent through CMA

(Cuervo et al., 2004; Martinez-Vicente et al., 2008). To

investigate possible changes in CMA in PD astrocytes, we

first stained at 6 and 14 days for both a-syn and LAMP2A,

the receptor for CMA (Figures 5A and S6A). Ctrl astrocytes

showed LAMP2A in the perinuclear area (perinuclear lyso-

somal positioning occurs during CMA activation; Kiffin

et al., 2004) and barely detectable levels of a-syn at both

6 and 14 days (Figures 5A, 5B, and S6A). In contrast, PD

astrocytes displayed LAMP2A-positive vesicles all around

Figure 4. PD Neurons Restore Arborized Morphology and Accumulate Less a-syn when Co-cultured with Ctrl Astrocytes
(A and B) Representative ICC images of PD SP12 vmDAns during 4-week co-cultures with (A) Ctrl SP09 or (B) PD SP13 astrocytes stained for
TH (vmDAns), a-syn, GFAP (astrocytes), and DAPI. Images on the right show a magnification of the area boxed in the left images. Arrows
indicate the selected cell for which an insert is shown at higher magnification with a-syn accumulation. Scale bar, 20 mm.
(C) Quantitative analysis of the percentage of PD SP12 vmDAns remaining after 4-week co-culture with Ctrl SP09, PD SP13, and PD SP12
astrocytes (n = 3).
(D and E) (D) Neurite length quantification and (E) number of branches of PD SP12 TH-positive neurons when co-cultured on PD SP12 or PD
SP13 astrocytes for 4 weeks compared with the wild-type condition Ctrl SP11 neurons on Ctrl SP09, Ctrl SP17, and Ctrl SP11 astrocytes for
4 weeks (n = 3); 40 neurons counted per experiment.
(F) Quantitative analysis of the percentage of PD SP12 vmDAns that stained positive for a-syn when co-cultured on the top of Ctrl SP09, Ctrl
SP17, Ctrl SP11, PD SP13, and PD SP12 astrocytes for 4 weeks (n = 3).
(G) Immunofluorescence analysis of PD SP12 neurons on the top of Ctrl SP09 astrocytes stained for TH, GFAP, a-syn, and DAPI. Images on
the right show a magnification of the area boxed in the left image. Arrows in the inset shows a-syn accumulation inside Ctrl SP09 astrocyte
processes. Inset scale bar, 20 mm.
(H) Quantitative analysis of the percentage of astrocytes that stained positive for a-syn after being cultured with PD SP12 neurons for
4 weeks. Ctrl astrocytes were derived from SP09, SP11, and SP17 iPSCs, while PD astrocytes were derived from SP12 and SP13 iPSCs (n = 3).
Data are expressed as mean ± SEM, unpaired two-tailed Student’s t test, **p < 0.01, ***p < 0.001).
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Figure 5. Altered CMA and a-syn Accumulation in LRRK2-PD Astrocytes
(A) Representative ICC images of CMA receptor (LAMP2A), astrocyte marker GFAP, a-syn, and nuclear marker DAPI in Ctrl SP09 and PD SP13
astrocytes at 6 and 14 days. Scale bar, 20 mm. Smaller white circles represent perinuclear area, whereas larger green circle represents
non-perinuclear area.
(B) Percentage of astrocytes with LAMP2A-positive puncta positioning outside of perinuclear area and percentage of astrocytes that
stained positive for a-syn. Astrocyte lines used in the experiment were Ctrl SP09, Ctrl SP17, PD SP12, and SP13 (n = 3).
(C) Representative ICC image of positive co-localization of LAMP2A and a-syn in PD SP13 astrocytes. Scale bar, 10 mm.

(legend continued on next page)
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the cell body as early as 6 days, which continued to be pre-

sent after 14 days (Figures 5A, 5B, and S6A). Moreover,

abnormal accumulation of a-syn was confirmed in PD

astrocytes after 14 days of culture, compared with Ctrl as-

trocytes (Figures 5A–5E). Interestingly, this accumulation

was not present after 6 days of culture, suggesting progres-

sive a-syn accumulation over the 14-day time period.

Co-localization analyses of a-syn with the LAMP2A recep-

tor revealed a positive co-localization that was more

evident in PD astrocytes (Figures 5C and S6B). CMA sub-

strates are usually rapidly internalized and degraded inside

lysosomes, but we have previously described a similar

persistent association of a-syn with LAMP2A-positive lyso-

somes in PDmodels due to blockage in a-syn translocation

inside lysosomes (Orenstein et al., 2013). These findings

suggest, thus, a similar CMA blockage in the PD astrocytes

at the receptor level. Also supportive of reduced a-syn

degradation, western blot analysis confirmed a higher

monomeric protein level of a-syn in PD astrocytes

compared with controls (Figures 5D, 5E, and S7A). By using

an antibody that detects specifically oligomeric a-syn, we

were able to detect other pathogenic forms of a-syn in PD

astrocytes, which were similar to those of PD postmortem

brain tissue (Figure S7B).

To investigate the contribution of the defect in CMA to

the progressive accumulation of a-syn in PD astrocytes,

we next performed a knockdown of LAMP2A using lentivi-

ral-mediated short hairpin RNA (shRNA) targeting and

silencing the LAMP2A spliced transcript (shLAMP2A), or

an shRNA targeting the Luciferase gene (shLuc) as a control

(Figure 5F). The shLuc control astrocytes displayed an

expected low level of a-syn, whereas after shLAMP2A trans-

duction, there was a statistically significant (p < 0.001)

2.5-fold increase in a-syn puncta, comparable to the levels

observed in PD astrocytes (Figure 5G). Knockdown of

LAMP2A did not change a-syn puncta levels in PD astro-

cytes, further suggesting defective CMA for a-syn in these

cells. CMA activitywasmonitored using a photoactivatable

CMA reporter, KFREQ-Dendra (Koga et al., 2011), in all

astrocyte lines at 52 hr after photoactivation (Figures 5H

and S6C). 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. Ctrl

astrocytes displayed these puncta, indicative of functional

CMA, whereas the signal in PD astrocytes remained

diffused in the cytosol, suggestive of an inactive CMA.

Since PD astrocytes displayed higher levels of a-syn

compared with Ctrl astrocytes, we next investigated

possible differences in a-syn turnover in these cells. a-syn

has previously been shown to undergo degradation both

by the ubiquitin/proteasome system and by autophagy

(Cuervo et al., 2004; Webb et al., 2003); therefore a-syn

flux in the presence of lysosomal and proteasome inhibi-

tors (leupeptin and lactacystin, respectively) was evaluated

in Ctrl and PD astrocytes at 14 days (Figures 5I, 5J, and

S7D). An increase of �40% in a-syn levels was found in

Ctrl astrocytes after leupeptin treatment, while this in-

crease was not found in PD astrocytes analyzed under the

same conditions, indicating an impaired flux. No changes

were found in either Ctrl or PD astrocytes after lactacystin

treatment (Figures 5I, 5J, and S7D). These findings suggest

major alterations in a-syn proteostasis due to poor degrada-

tion by lysosomal systems in PD astrocytes.

Impaired Macroautophagy in PD Astrocytes

Cells often respond to blockage in CMA by upregulating

other autophagic pathways such as macroautophagy (Mas-

sey et al., 2006; Schneider et al., 2015). However, altered

macroautophagy has also been reported in the context of

PD (Sanchez-Danes et al., 2012; Winslow et al., 2010). To

investigate the status of macroautophagy, the endo/lyso-

somal marker LAMP1, autophagosome marker LC3, astro-

cyte marker GFAP, and nuclear DAPI were used during

ICC on all astrocyte lines at both 6 and 14 days. In Ctrl

astrocytes, there was lysosomal LAMP1 staining in the

perinuclear area and very few visible autophagic vacuoles

(LC3-positive vesicles) at both 6 and 14 days (Figures 6A,

6B, and S6D). In PD astrocytes, as for LAMP2A, LAMP1-

positive vesicles lost the preferable perinuclear distribution

and were found throughout the entire cell (Figures 6A, 6B,

(D and E) (D) Western blot of a-syn and a-tubulin as a loading control and (E) quantification in Ctrl SP09 and PD SP13 astrocytes after
14 days in culture (n = 4).
(F) Representative ICC images of Ctrl SP09 and PD SP13 astrocytes after 14 days of transduction with either LV-shLAMP2A or
LV-shLuciferase (as a control) stained for a-syn, GFP, and DAPI. Boxed areas highlight the region for which high magnification images are
shown. Scale bars, 20 and 10 mm, respectively.
(G) Percentage of a-syn puncta area per cell in Ctrl SP09 and PD SP13 astrocytes transduced with LV-shLuciferase or LV-shLAMP2A (n = 3).
(H) KFERQ-DENDRA (CMA reporter) in Ctrl SP09 and PD SP13 astrocytes 52 hr after photo-switching with UV light (n = 3). Images in the
insets at the bottom are a magnification of the boxed area.
(I and J) (I) Western blot of a-syn and b-actin as a loading control and (J) quantification of a-syn flux ratio normalized to b-actin in
Ctrl SP09 and PD SP13 after the addition of inhibitors of lysosomal proteolysis (leupeptin [LEU], 100 mM) for 12 hr and proteasomal
degradation (lactacystin [LAC], 5 mM) for 2 hr (n = 3).
Data are expressed as mean ± SEM, unpaired two-tailed Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.
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and S6D). In addition, there was a marked increase in auto-

phagic vacuoles starting as early as 6 days that continued

increasing through the 14-day time point (Figures 6A, 6B,

and S6D). Most of the accumulated LC3-positive vesicles

in PD astrocytes did not co-localize with LAMP1 lysosomes

(Figures S6E and S6F), suggesting that they were autopha-

gosomes that persisted in these cells due to their poor

clearance by lysosomes.

In agreement with the immunofluorescence studies,

western blot analyses detected higher basal levels of

LC3-II in PD astrocytes compared with Ctrls (Figures 6C,

6D, and S7C). To monitor the autophagy flux and to gain

insights into the mechanism behind the accumulated

LC3-II levels in PD astrocytes, both Ctrl and PD astrocytes

were treated with leupeptin and NH4Cl, inhibitors of lyso-

somal proteolysis, to inhibit LC3-II degradation. Under

these conditions, PD astrocytes exhibited lower increase

in LC3-II levels compared with controls, suggesting an

impairment of the autophagy flux in PD astrocytes (Figures

6E and S7C). Moreover, we found higher p62 levels in PD

astrocytes at baseline compared with controls, and lower

flux ratio in the presence of inhibitor (Figures 6F–6H and

S7E). Overall these findings suggest that reduced function

in both autophagic pathways, CMA and macroautophagy,

Figure 6. Dysfunctional Macroautophagy in LRRK2-PD Astrocytes
(A) Representative ICC images of lysosomal protein marker LAMP1 and autophagosome marker LC3 in Ctrl SP09 and PD SP13 astrocytes
(GFAP) at 6 and 14 days. Smaller white circles represent perinuclear area, whereas larger green circle represents non-perinuclear area.
Scale bar, 20 mm.
(B) Percentage of astrocytes with LAMP1-positive puncta positioning outside of perinuclear area and percentage of astrocytes that stained
positive for LC3-II. Astrocyte lines used in the experiment were Ctrl SP09 and SP13 (n = 3).
(C–E) (C) Western blot of LC3-II protein levels and b-actin as loading control with corresponding quantification of (D) the LC3-II basal
expression and (E) LC3-II flux with or without lysosomal inhibitors NH4Cl and leupeptin (L/N) for 2 hr in Ctrl SP09 and PD SP13 astrocytes
(n = 3).
(F–H) (F) Western blot of p62 protein levels and b-actin as loading control with corresponding quantification of (G) the P62 basal
expression and (H) P62 flux without inhibitors or with inhibitors leupeptin for 12 hr and lactacystin for 2 hr in Ctrl SP09 and PD SP13
astrocytes (n = 3).
Data are expressed as mean ± SEM, unpaired two-tailed Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. CMA Activator Drug Treatment Rescues a-syn Accumulation in Neurons Cultured with PD Astrocytes
(A and B) Representative ICC images of (A) Ctrl and (B) PD astrocytes after 2 weeks in culture without treatment stained for LAMP2A, a-syn,
GFAP, and DAPI. Orthogonal views reveal positive co-localization of a-syn to LAMP2A in PD untreated sample. Images on the right show a
magnification of the area boxed in the left images. Dashed circles outline the perinuclear area of the cell. Scale bars, 100 and 20 mm in
merge and zoom, respectively.
(C) Representative ICC images of PD astrocytes after 20 mg of CA drug treatment stained for LAMP2A, a-syn, GFAP, and DAPI. Scale bars,
100 and 20 mm in merge and zoom, respectively.
(D and E) (D) Quantitative analysis of PD astrocytes (SP13 and SP12) stained positive for a-syn either not treated or treated with CA;
(E) quantitative analysis of the same astrocytes under the same conditions, showing LAMP2A puncta in the perinuclear area (n = 3).
(F) Representative ICC images of 4-week Ctrl SP11 vmDAns co-cultured on PD SP13 astrocytes (left) or treated with CA for 2 weeks (right).
Samples were stained for GFAP, TH, a-syn, and DAPI. Scale bars, 20 mm.

(legend continued on next page)
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contribute to the altered a-syn proteostasis observed in PD

astrocytes.

Restoration of a-syn Proteostasis in PD Astrocytes

Alone and during Co-culture of Control Neurons with

PD Astrocytes

Intracellular accumulation of a-syn has been shown to

contribute to cellular toxicity in PD and to further disrupt

functioning of cellular proteostasis systems (reviewed in

Abeliovich andGitler, 2016).Wenext investigatedwhether

a-syn accumulation in PD astrocytes could be ameliorated

by enhancing lysosomal activity. PD astrocytes were

treated with a CMA activator (CA), which operates through

the release of the endogenous inhibition of the retinoic

receptor-a signaling pathway over CMA (Anguiano et al.,

2013). Cells were treated with a concentration of 20 mM

for 5 days and levels of a-syn were analyzed by immunoflu-

orescence (Figure 7). LAMP2A-positive lysosomes in PD as-

trocytes treated with the CA (Figures 7C–7E) recovered the

perinuclear distribution observed in Ctrl cells (Figure 7A)

compared with when not treated (Figure 7B), suggesting re-

activation of CMA in these cells. Consistent with higher

CMA activity, CA-treated cells had significantly lower

a-syn content than untreated cells (Figures 7C–7E).

In addition, we treated PD astrocytes when in co-culture

with Ctrl neurons (Figure 7F). Under untreated conditions,

Ctrl neurons accumulate astrocytic a-syn and show signs of

neurodegeneration. Interestingly, the treatment with CA

cleared out a-syn not only in astrocytes, but also in

vmDAns, partially restored neuron survival, and decreased

the number of TH-positive cells with a degenerative

morphology (Figures 7G–7L). These findings suggest that

although multiple protein degradation pathways fail to

efficiently degrade a-syn in PD cells, reactivation of one

of these pathways, in our case CMA, is able to restore func-

tional a-syn proteostasis.

DISCUSSION

Astrocytes from three PD patients carrying the G2019Smu-

tation in the LRRK2 gene and two healthy individuals were

successfully generated using a previously published proto-

col and fully characterized. By implementing a patient

iPSC-based co-culture model, in this study we describe a

role for PD astrocytes in midbrain neuronal cell death. Spe-

cifically, in a 4-week co-culture system, we found morpho-

logical alterations resembling those of neurodegeneration,

such as short and few neurites as well as beaded necklace-

like neurites, typically observed in neurons upon transport

alterations (Fu et al., 2005; Garrido et al., 2011), and

increased neuronal loss in Ctrl neurons co-cultured with

PD astrocytes. We interpret these altered phenotypes as

representing PD astrocyte-induced vmDAn neurodegener-

ation. An alternative explanation could be that PD astro-

cytes impinged on the differentiation and/or maturation

of DAn progenitors in our iPSC-derived co-culture system.

However, while we cannot formally rule out this possibil-

ity, two lines of evidence strongly argue against it playing

a significant role in the phenotypes described here. First,

we used vmDA neural differentiation cultures at 35 days

of differentiation for our co-culture experiments. At

this time, most vmDAns are already committed in fate

(TH+/FOXA2+, see Figure 2A), but are still at a stage ofmatu-

ration that does not compromise their survival upon cell

dissociation and plating on top of the astrocyte cultures.

Second, the numbers of vmDAns at different time points

along the co-culture experiments showed progressive

decline in co-cultures with PD astrocytes, but no significant

changeswhen co-culturedwithCtrl astrocytes (Figure S2C).

These results indicate that few new TH+ neurons are gener-

ated during co-culture, and further support that the

decreased numbers of vmDAns observed upon co-culture

with PD astrocytes are a consequence of vmDAn degenera-

tion. Importantly, the altered phenotypes were specifically

observed in the subpopulation of midbrain dopaminergic

neurons, as numbers of MAP2+/TH� neurons did not

change significantly upon co-culture with Ctrl or PD astro-

cytes. In accordance with this, it has been already shown

that a-syn toxicity was responsible for nigrostriatal

neuronal cell death in midbrain cultures (Petrucelli et al.,

2002), a relevant finding regarding the particular vulnera-

bility of nigral neurons in PD. However, it remains to be

tested whether, in prolonged culture, PD astrocytes also

impair the survival of TH� populations.

Postmortem brain tissue of PD patients revealed a-syn

accumulation in astrocytes (Wakabayashi et al., 2000).

(G–I) (G) Quantitative analysis of the percentage of vmDAns remaining after being co-cultured with PD SP12 or PD SP13 (without
treatment or treated with CA) for 4 weeks. Percentage of the (H) vmDAns or (I) astrocytes that stained positive for a-syn 4 weeks after the
same co-culture conditions (n = 6).
(J) Representative ICC images of 4-week Ctrl SP11 vmDAns co-cultured on PD SP12 astrocytes with or without CA treatment for 2 weeks.
Samples were stained for TH, a-syn, and DAPI. Arrows indicate the absence of a-syn accumulation in the selected TH-positive cell. Scale
bars, 20 mm.
(K and L) (K) Neurite length quantification and (L) number of branches of 4-week Ctrl SP11 vmDAns when co-cultured on PD SP12 or PD
SP13 astrocytes with or without CA treatment for 2 weeks (n = 4); 20 neurons counted per experiment.
Data are expressed as mean ± SEM, unpaired two-tailed Student’s t test, *p<0.05; ***p < 0.001.
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It has been previously described that astrocytes accumulate

neuronal-derived a-syn as a mechanism of neuroprotection

(Booth et al., 2017). Indeed, in our study we found that Ctrl

astrocytes accumulate a-synwhen co-culturedwith PDneu-

rons and partially rescued the morphological phenotype of

neurodegeneration and clearance of neuronal a-syn. This

behavior suggests a neuroprotective effect via inflamma-

tory-mediated activation of the Ctrl astrocytes. In addition,

by using a CRISPR/Cas9 gene-edited cell line tagging the

endogenous SNCA locuswith an FLAG tag, our results reveal

that PD astrocytes also accumulate and transfer a-syn to the

surrounding neurons, suggesting that astrocytes actively

contribute to the distribution of a-syn.

Taking into account that our PD astrocytes come from

patients carrying the LRRK2 G2019S mutation, we investi-

gated whether disease-specific phenotypes related to the

mutation were present. The a-syn accumulation in our

co-culture system indicated a disruption in the way a-syn

is usually degraded in PD astrocytes. Degradation of a-syn

has been shown to occur by both proteasome and autopha-

gic pathways, and conversely, high levels of a-syn have

been demonstrated to be toxic for both systems (Tanaka

et al., 2001; Webb et al., 2003; Winslow et al., 2010). Here

we found that lysosomal degradation of a-syn was severely

inhibited in PD astrocytes.We have previously described in

PD neurons 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 LAMP2A, thus

causing the accumulation of a-syn (Orenstein et al.,

2013). Here we demonstrate that CMA is also altered in

PD astrocytes and confirm that a-syn degradation by

CMA in these cells was almost completely abolished.

The increase in intracellular levels of a-syn, due to its

poor degradation in PD astrocytes by CMA,may contribute

to precipitating malfunctioning of other proteostasis

mechanisms, such as the proteasome and macroautoph-

agy. In fact, we demonstrated that macroautophagy was

also markedly impaired in these cells, by showing higher

basal levels of autophagic vacuoles (LC3-II) and the auto-

phagic cargo p62, and reduced autophagic flux (for both

LC3-II and p62). The lower co-localization between the

autophagosomal and lysosomal markers observed in PD

astrocytes suggests that the reduced autophagic flux is

due to a defect in autophagosome/lysosome fusion, similar

to that previously described in PD neurons.

Taking into account the coordinate functioning of the

proteolytic systems, and the fact that CMA disruption

seems to occur early during the development of PD pathol-

ogy, we attempted to restore normal a-syn proteostasis by

enhancing CMA activity. Our findings in cells treated

with a chemical activator of CMA suggest that upregulation

of CMA is still possible in these cells and that this interven-

tion is sufficient to return levels of a-syn close to those in

Ctrl cells. Although a-syn was cleared, restoration during

a co-culture with Ctrl neurons was only partial in terms

of neurite length and number, suggesting that the neurode-

generation observed could also be due to other non-a-syn-

related factors secreted by PD astrocytes.

Overall, our findings propose a specific role for astrocytes

in mediating dopaminergic cell death during PD. PD-spe-

cific phenotypes specifically related to dysfunctions in the

pathways of protein degradation have been observed in

PD astrocytes and not in Ctrl astrocytes. Dysfunctional

CMA, progressive a-syn accumulation, and glia-to-neuron

transfer found in our PD astrocytes are all aspects that can

compromise neuronal survival during PD pathogenesis.

Future studies will identify whether additional factors other

than a-syn are being secreted by (or lacking in) PD

astrocytes, and thus contributing to triggering vmDA

neuronal cell death. iPSC-based technology allows for the

proper recapitulation of patient-specific disease-related phe-

notypes, which will aid in the discovery of new therapies.

EXPERIMENTAL PROCEDURES

Experimental procedures are also provided in Supplemental

Information.

iPSC-Derived Astrocyte Generation and Culture
The parental iPSC lines used in our studies were previously gener-

ated and fully characterized (Sanchez-Danes et al., 2012). The gen-

eration and use of human iPSCs in this work were approved by the

Spanish competent authorities (Commission on Guarantees con-

cerning the Donation and Use of Human Tissues and Cells of the

Carlos III National Institute of Health). iPSCs were differentiated

into astrocytes following a previously published protocol (Serio

et al., 2013). See Supplemental Information for more details.

iPSC-Derived vmDAn Generation
Four different iPSCs, two PD (SP12 and SP13) and two Ctrl (SP11

and SP11#4), were differentiated into dopaminergic neurons using

a combination of two previously published protocols for midbrain

induction (Chambers et al., 2009; Kriks et al., 2011). Detailed

methods are provided in Supplemental Information.

ICC

ICC on cell cultures was performed as described in Supplemental

Information.

Statistical Analysis

Statistical analyses of the obtained data were performed using two-

tailed unequal variance Student’s t tests and ANOVA (*p < 0.05,

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

mean were plotted using Prism (Mac OS X). Number of indepen-

dent experiments (n) is indicated in each figure legend.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, seven figures, and three tables and can be found
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with this article online at https://doi.org/10.1016/j.stemcr.2018.

12.011.
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Parkinson’s disease (PD) is an incurable neurodegenerative disorder in the elderly that is characterized by the 
progressive loss of dopaminergic neurons (DAn) in the substantia nigra pars compacta1. Its incidence in Western 
countries is rising due to the progressive aging of the population, imposing a major burden on national healthcare 
systems. Despite decades of intense research, the pathogenic mechanisms of PD remain unclear owing to the lack 
of experimental models that recapitulate the main features of the disease. The development of induced pluripotent 
stem cell (iPSC) technology has opened new horizons for modeling PD, as iPSCs can be generated from patients’ 
somatic cells and differentiated into disease-relevant cell types, which would capture the genetic complexity of 
PD. Furthermore, human iPSC-derived neuronal models offer unprecedented access to the early stages of the 
disease, allowing the investigation of the events that initiate the pathologic process in PD2,3.

The development of hiPSC-based strategies to treat or model PD, however, is hampered by the lack of efficient 
protocols for the directed differentiation of stem cells into DAn with the appropriate characteristics of A9-subtype 
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ventral midbrain neurons – the neuronal cell type lost in PD (for review, see4). Indeed, although several protocols 
have been developed to differentiate stem cells into functional DAn5–8, the differentiated progeny are a heteroge-
neous mix of DA and non-DA cells, which impedes identifying live DAn. Moreover, the wide variability in terms 
of differentiation ability among different iPSC lines represents a further limitation in the field, which hinders data 
interpretation9–11.

Several strategies have evolved in recent years to overcome these issues, based mainly on the use of DAn 
lineage reporters and, in particular, the expression of tyrosine hydroxylase (TH) – the first and rate-limiting step 
in the synthesis of dopamine – as a marker for identifying DAn12. However, classical approaches relying on the 
expression of a reporter construct controlled by the proximal promoter of the gene of interest have been unsatis-
factory13,14. New gene-editing strategies have been more successful, enabling the insertion of reporter genes under 
the control of endogenous regulatory sequences. In this regard, two recent studies showed that the insertion of 
reporter constructs into the TH gene locus faithfully mimics endogenous TH expression during in vitro and in 
vivo differentiation15,16. But neither of these reporter lines allowed for the direct visualization of TH-positive 
(TH+) neurons in living cells, likely due to the low absolute expression of TH even in DAn.

In the present work, we used a CRISPR/Cas9-based editing strategy to generate a human iPSC line carrying 
the fluorescent protein mOrange knocked-in at the last exon of TH. We first confirmed the exact colocalization of 
mOrange expression from the reporter gene with endogenous TH expression in TH-mOrange hiPSC differenti-
ated into DAn. We then used flow cytometry to evaluate mOrange reporter expression, which could be detected 
as early as 25 days in vitro. Calcium imaging experiments revealed electrophysiological differences between ven-
tral midbrain dopaminergic neurons and non-dopaminergic neurons. This approach also enabled us to isolate 
pure and viable DAn cell populations from heterogeneous cultures. We thus provide a novel cellular model to 
study PD phenotypes in vitro, which may be useful for the implementation of high throughput biological discov-
ery applications including drug target identification.

TH With the 
aim of identifying TH+ neurons among living cells, we generated a genetic reporter construct that could robustly 
and faithfully label DAn. We used CRISPR/Cas9 genome-editing to knock-in a P2A-mOrange fluorescent con-
struct adjacent to the last exon of the TH gene. We chose mOrange because it is one of the brightest monomeric 
fluorescent proteins available17. The designed CRISPR/Cas9 guide RNA spacer sequence overlapped the TH stop 
codon, thereby preventing retargeting of properly edited alleles. The hiPSC line SP_112, generated from a healthy 
control, was co-transfected with the homology-directed repair (HDR) and CRISPR/Cas9 plasmids (Fig. 1A). 
The HDR plasmid contained a LoxP-flanked pRex1-NeoR cassette, allowing selection of recombination events. 
Resistant clones were molecularly characterized and the selection cassette excised (Figs 1B,C and S1). This editing 
approach induced >50% of biallelic integration of the exogenous sequences (data not shown). The edited hiPSC 
line was then expanded and characterized for the expression of pluripotency markers including OCT4, SOX2, 
NANOG, SSEA4, SSEA3 and TRA-1-81, and also karyotype integrity (Fig. 1D,E).

To differentiate the edited iPSC line towards ventral midbrain DAn (vmDAn), 
we followed a previously published midbrain floor plate differentiation protocol6 (see Methods for details) 
(Fig. 2A,B). Under these conditions, some fluorescent mOrange-positive cells could be observed as early 
as 25 days of differentiation, and the number and the fluorescence intensity of the cells increased over time. 
At day 50 of differentiation, cells were live-imaged (Fig. 2C) and fixed to confirm the fidelity of the reporter. 
Immunofluorescence analysis of fluorescent neurons revealed an absolute correlation between the mOrange 
signal and TH- and mRFP1-immunoreactivity (mOrange is an mRFP1 derivative) (Fig. 2D). By contrast, 
MAP2-positive neurons that were negative for TH immunoreactivity were also negative for mOrange (Fig. 2D), 
confirming the specificity of the transgene in replicating the endogenous TH expression pattern.

Further analysis at day 50 of differentiation demonstrated that ~30% of TH/mOrange-positive cells expressed 
the ventral midbrain forkhead box protein A2 (FOXA2) and, more importantly, the same proportion of cells also 
expressed the A9 domain-specific marker G protein-activated inward rectifier potassium channel 2 (GIRK2) 
(Fig. 2E,G). No differences between TH-mOrange edited and non-edited parental SP_11 iPSC lines were 
observed regarding the expression of vmDAn markers upon differentiation (Fig. 2F,G), indicating that differenti-
ation was not perturbed by the insertion of the transgene.

Overall, our results show that the generated TH-mOrange iPSC line faithfully reports endogenous TH expres-
sion and that the genetic modification does not impair mDA specification.

The most defining feature of a neuron is its ability to fire action potentials in 
response to neurotransmitters from other neurons. In this regard, we exploited the possibility of identifying live 
DAn to analyze their capability to fire action potentials through studying calcium fluxes. The TH-mOrange iPSC 
line was differentiated towards floor plate derivatives and the resulting neuronal cultures were incubated with 
the calcium sensor Fluo-4 AM and imaged for periods of 30 minutes. Single calcium traces were dichotomized 
depending on whether they were recorded from mOrange+ or mOrange− cells (Fig. 3A,B). Both fluorescent and 
non-fluorescent neurons showed sharp spontaneous increases of Fluo-4 AM signal corresponding to the sudden 
influxes of calcium occurring during bursts (repeated action potentials) (blue arrowheads in Fig. 3B). While both 
groups of neurons showed similar firing patterns, we noted small but significant differences in the amplitude of 
the bursts. At day 35 of differentiation, the amplitude of the burst fired by mOrange− neurons was approximately 
12% larger than those fired by mOrange+ neurons (2.954 ± 0.127 vs 3.296 ± 0.050; p = 0.030). This difference 
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widened to 23% at day 50 of differentiation (2.494 ± 0.106 vs 3.082 +/− 0.090; p = 0.026) (Fig. 3C). These results 
underscore the importance of sampling a homogeneous and defined neuronal population in order to gain resolu-
tion when investigating disease-related phenotypes.

To obtain a homogenous population of mOrange-labeled iPSC-derived DAn, 
edited-iPSC DAn were isolated using fluorescence-activated cell sorting (FACS) at 27 days of differentiation. 
For this specific analysis, we utilized an alternative DAn differentiation protocol using dual-SMAD inhibition to 
obtain neural progenitor cells (NPCs) (Fig. S2A, B). With this protocol, NPCs can be expanded in the presence of 
fibroblast growth factor 2 (FGF2) and epidermal growth factor (EGF), cryopreserved, and rapidly differentiated 
into DAn13,18,19. Indeed, when we differentiated the TH-mOrange reporter line using this protocol, mOrange+ 
DAn could be visualized after only seven days of mitogen withdrawal. After 27 days of differentiation, cells were 
mechanically disaggregated, FACS-sorted and subsequently re-seeded on Matrigel-coated plates (Fig. 4A,B). 
Newly extended neurites were readily visible one day after sorting and the neuronal network continued gaining 
complexity over the following days (Fig. 4C,D), therefore that mOrange+ DAn are amenable to FACS-sorting pro-
cedures while remaining viable and maintaining their DA identity. Quantification analysis after immunostaining 
with an antibody to TH confirmed robust DAn purification from the mOrange+ sorted cells (>95% of cells were 
TH/mOrange-double positive). In addition, mOrange-negative sorted cells showed similar levels of mOrange+/
TH+ neurons as the unsorted cells (60.8% vs. 67.5%), suggesting that the mOrange− population contains mitoti-
cally active undifferentiated progenitors or neurons that have not yet switched on TH expression (Fig. 4E). These 
results were confirmed by FACS analysis of the sorted neurons seven days after the initial isolation (Fig. 4B).

Collectively, these results demonstrate that post-mitotic fluorescent DAn can be purified from heterogeneous 
cultures and maintained in culture after sorting.

Genetic reporters are extremely useful tools to study signaling and regulatory networks, and offer a potentially 
powerful approach to identify and specifically isolate a cell type of interest from mixed cell populations. They also 
allow live real-time tracking, which provides a more in-depth approach to the study cellular dynamics and fate, 
for example, during the development of cell therapy applications.

Figure 1. Generation of the TH-mOrange reporter iPSC line using CRISPR/Cas9-mediated gene editing. 
(A) Scheme describing the recombination steps during the edition process. Blue arrows represent the primers 
used for the PCR screening procedure. Black triangles represent LoxP sites surrounding the selection cassette. 
(B) Molecular analysis of the correctly targeted clones to confirm proper P2A-mOrange cassette integration 
and selection cassette excision in the control iPSC line. Full-length gels are included in Fig. S1C. (C) Sanger 
sequencing confirmed successful excision of the LoxP site-flanked cassette. (D) Immunofluorescence analysis 
of representative colonies of the TH reporter (SP_11) iPSC line staining positive for the pluripotency-associated 
markers NANOG, OCT4 and SOX2 (green) and TRA-1-81, SSEA3 and SSEA4 (red). Scale bar, 50 μm. (E) 
Normal karyotype of the TH reporter control iPSC line.
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Figure 2. Characterization of ventral midbrain dopaminergic neurons differentiated from the TH-mOrange 
reporter iPSC line. (A) Scheme depicting iPSC differentiation towards floor plate specific ventral midbrain 
dopaminergic neurons (vmDAn). (B) Immunofluorescence analysis of representative floor plate progenitors 
from SP_11 TH reporter iPSCs after 13 days of ventral midbrain patterning staining positive for the floor 
plate markers FOXA2 and EN1 (red), LMX1A and NESTIN (green). Scale bar, 50 μm. (C) Live imaging of 
differentiated TH-mOrange iPSC cell line towards floor plate vmDAn, showing fluorescent neuronal cells after 
50 days of differentiation. (D) Immunofluorescence analysis of DAn differentiated for 50 days and stained 
positive for tyrosine hydroxylase (TH; green), mOrange (red) and MAP2 (grey). Inset show in detail double-
labeled mOrange+/TH+ DAn as well as double negative mOrange−/TH− MAP2+ non-DAn (empty arrowhead) 
confirming faithful reporter activity. Nuclei were counterstained with DAPI. Scale bars 50 μm and 10 μm for 
the large images and the insets respectively. (E) Immunofluorescence analysis of DAn differentiated for 50 days 
and stained for TH and FOXA2 (red and green respectively; left) or GIRK2 and TH (red and green respectively; 
right). Nuclei were counterstained with DAPI. Scale bar, 10 μm both main image and insets. (F) Quantitative 
analysis of the percentage of cells differentiated from either original SP_11 or TH-mOrange iPSC lines stained 
positive for TH. (G) Percentage of TH+ cells stained positive for GIRK2 or FOXA2.
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Here, we used CRISPR/Cas9-based gene editing to generate an iPSC reporter line carrying a copy of 
mOrange under control of the endogenous TH promoter. The mOrange fluorescent construct was preceded by 
a self-excisable 2A peptide sequence and was fused to the last exon of the endogenous TH gene. The engineered 
reporter system was shown to work successfully using two different DAn differentiation protocols. First, using a 
differentiation protocol for floor plate progenitors6, we demonstrated the colocalization of the reporter protein in 
A9 DAn, which are the most vulnerable cells during PD pathogenesis. Secondly, fluorescent DAn were obtained 
after differentiating TH-mOrange hiPSCs to NPCs using dual SMAD inihibtion18. Since earlier attempts to visu-
alize living dopaminergic cells were unsuccessful16, we believe the success of our strategy is based on the excep-
tional brightness of the mOrange protein.

Our ability to identify live dopaminergic neurons allowed us to quantify their electrophysiological activity, an 
important dynamic phenotype. By calcium imaging, we could distinguish very subtle differences in firing patterns 
between mOrange+ and mOrange− neurons. Specifically, we observed that mOrange− neurons exhibited bursts 
of higher amplitude, which directly corresponds to a higher overall activity given the correlation between the 
fluorescence amplitude ∆F/F0 and the number of elicited action potentials20. Accordingly, the ability to sample a 
specific neuronal subtype should help to minimize the variability associated with the differentiation procedure. 
This is crucial when probing subtle and cumulative phenotypes typical of late onset disease such as PD.

Figure 3. Ventral midbrain dopaminergic neurons show intrinsic electrical properties different from ventral 
midbrain non-dopaminergic neurons. (A) Live images in bright field (top picture) and the corresponding 
mOrange and Fluo-4 AM (middle and bottom pictures) fluorescent signal of differentiated neurons (Day 50) 
during calcium imaging. Squares in the bottom picture point to mOrange+ dopaminergic neurons whereas 
circles point to mOrange− non-dopaminergic neurons in which oscillations of Fluo-4 AM fluorescence are 
measured. (B) Calcium traces of selected mOrange+ and mOrange− neurons confirm electrophysiological 
activity. Blue arrowheads point to neuronal firing events. Insets show in detail calcium traces from individual 
mOrange+ or mOrange− neurons. Red line represents an increase in fluorescence equivalent to 3 standard 
deviations (SD) of the mean of the baseline noise. (C) Quantification of the average amplitude of the firing 
events of mOrange+ and mOrange− after 35 and 50 days of differentiation. Data show the average ± S.E.M. of 
two or three independent experiments. At day 35, 130 mOrange+ and 1187 mOrange− cells from 3 independent 
experiments. At day 50, 124 mOrange+ and 1034 mOrange− cells from 2 independent experiments. Asterisk 
denotes statistically significant differences (*p < 0.05).
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Our novel genetic TH reporter system enabled us to successfully isolate and purifiy mOrange+ DAn and later 
resume in vitro culture while preserving their dopaminergic identity. Post-sorted DAn successfully attached to plates 
and extended new neurites in a manner similar to that observed when generating primary neuronal cultures from 
fetal brain. The discordance in TH+ neuron number estimation using cytometry or immunofluorescence is likely 
due to the reduced sensitivity of the former, and the absolute expression of the TH gene would allow for the observa-
tion of those neurons with the highest TH expression. However, a counterweight to this limitation is the standardi-
zation of the sampled (or isolated) neurons, since they most likely represent a defined maturation stage.

In conclusion, we here developed an efficient method for generating TH reporter iPSCs that can be differen-
tiated and sorted to obtain pure dopaminergic neuronal populations without the commonly observed hetero-
geneity of iPSC-derived dopaminergic cultures. We believe that our novel TH reporter tool will facilitate future 
research on the processes associated with specific DAn biology and disease.

The previously generated SP_11 iPSC line (from a healthy control subject) was used, and cells 
were cultured as described2. Briefly, hiPSC were cultured on Matrigel-coated plates (Corning, NY) and main-
tained in human embryonic stem cell medium consisting of KnockOut (KO)-DMEM supplemented with 20% 
KO-Serum Replacement (Gibco/Invitrogen, Carlsbad, CA), 2 mM ultraglutamine, non-essential amino acids and 

Figure 4. mOrange+ DA neurons are amenable to FACS-mediated purification and survive after sorting. (A) 
Experimental procedure followed for FACS-sorting and subsequent re-plating of mOrange+ DAn. (B) Cytograms 
from FACS of mOrange+ cells from differentiated TH-mOrange iPSC. Purified cells were seeded after sorting and 
re-analyzed after 7 days. Cytograms are representative of 2 independent experiments. (C,D) Immunofluorescence 
analysis of mOrange+ DAn sorted and reseeded on Matrigel for 1 (C) and 7 (D) days. One day post-sorting, 
living neurons were first imaged and then fixed and stained with antibodies against TUJ1 (green), TH (grey) and 
mOrange (red). The same combination of antibodies was used to stain neurons cultured for 7 days after sorting. 
Nuclei were counterstained with DAPI. Scale bars, 20 μm and 10 μm for the large image and the inset, respectively. 
(E) Quantitative analysis of the percentage of cells staining positive for TH 7 days after sorting. Data is the 
average ± S.E.M. of two or three independent experiments. Sorted mOrange+ cells, 1232 cells from 2 independent 
experiments; sorted mOrange- cells, 1020 cells from 3 independent experiments; unsorted cells, 679 cells from 2 
independent experiments. Asterisk denotes statistically significant differences (*p < 0.05).
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1% penicillin/streptomycin (all from Lonza), 50 μM 2-mercaptoethanol (Gibco/Invitrogen) and 10 ng/ml bFGF 
(PeproTech, Rocky Hill, NJ), at 37 °C, 5% CO2. The medium was preconditioned overnight by irradiated mouse 
embryonic fibroblasts.

The 
CRISPR/Cas9 plasmid pSpCas9(BB)-2A-GFP (PX458) was a gift from Dr. Feng Zhang (Broad Institute, MIT; Addgene 
plasmid #12345)21. The original pCbh promoter was exchanged for the full-length pCAGGS promoter to achieve higher 
expression levels in hiPSCs. Custom guide RNAs were cloned into the BbsI sites as annealed oligonucleotides. The 
donor template for HDR was generated using standard molecular cloning procedures. Briefly, for TH donor template, 
homology arms were amplified from genomic DNA and verified by Sanger sequencing. Resulting sequences matched 
those of the reference genome GRCh38. The homology arms were inserted into the KpnI-ApaI (5′HA) and SpeI-XbaI 
(3′HA) sites of pBS-SK (−). The sequence coding for the P2A peptide was added to mOrange with the primers used to 
amplify the gene and the PCR product was inserted into the ApaI-XhoI sites of the pBS-5′HA-3′HA plasmid. Finally, 
pRex1-Neo-SV40 was inserted between the XhoI and SpeI of the plasmid.

To generate the TH-mOrange hiPSC reporter cell line, cells were transfected with 
the HDR template and a Cas9- and gRNA-encoding plasmid; the latter overlapping the TH gene stop codon. In 
total, 800,000 iPSCs were seeded in 10 cm plates the day before transfection. iPSCs were co-transfected with 6 μg 
of CRISPR/Cas9 plasmid and 9 μg HDR template using FuGENE HD (Promega) at a 1:3 DNA to reagent ratio. 
Cells were plated in selection medium containing 50 μg/mL G418 (Melford Laboratories Ltd., Ipswich, UK) and 
maintained for 2 weeks until resistant colonies could be screened. At that time, one-half of each resistant colony 
was manually picked and site-specific integration was verified by PCR.

To excise the selection cassette, edited iPSCs were transfected with a CRE recombinase-expressing plas-
mid, gifted from Dr. Michel Sadelain (Sloan Kettering Institute; Addgene plasmid #27546)22. At 48 hours 
post-transfection, cells were dissociated and seeded at clonal density on a feeder layer of irradiated human fibro-
blasts. When colonies attained a certain size, they were picked and subcultured in independent Matrigel-coated 
wells. Cells were sampled and checked for cassette excision by PCR and Sanger sequencing. Those clones in which 
the cassette was excised were expanded, cryopreserved and karyotyped.

For the derivation of 
vmDAn, we used a previously published protocol6 with minor modifications. Briefly, iPSCs were maintained in 
mTeSR-1 medium (StemCell Technologies, Vancouver, Canada) until they reached 80% confluence and were then 
cultured in serum replacement medium (day 0) (KO-DMEM, 15% KO serum, 1% non-essential amino acids, 1% 
GlutaMax and 1% penicillin/streptomycin) for an additional 5 days. After that, iPSCs were grown in neurobasal 
medium 1% N2 (17502-048; Gibco/Invitrogen), 2% B27 (17054-044; Gibco/Invitrogen) (N2B27) without vitamin 
A and with 1% penicillin/streptomycin. At day twelve, N2 was removed from the medium until the end of the 
differentiation. The medium was supplemented with SB-431542 (10 mM; day 0–day 5; Sigma-Aldrich, St Louis, 
MI), LDN193189 (100 nM; day 0–day 12; Miltenyi Biotec Inc., San Diego, CA), CHIR99021 (3 mM; day 3–day 
25; Miltenyi), purmorphamine (2 mM; day 1–day 5; Stemgent, Cambridge, MA), Smoothened agonist (1 mM; 
day 1–day 5; Tocris, Bristol, UK), brain-derived neurotropic factor (BDNF) (20 ng/ml; from day 12; Miltenyi), 
glial cell-derived neurotropic factor (GDNF) (20 ng/ml; from day 12; Miltenyi), DAPT (10 mM; from day 12; 
Tocris), db-cAMP (500 mM; from day 12; Sigma-Aldrich), TGFβ3 (1 ng/ml; from day 12; Miltenyi) and ascor-
bic acid (AA, 200 mM; from day 12; Sigma-Aldrich). On day 20, cells were dissociated using Accutase (Merck, 
Kenilworth, NJ), re-plated at 0.75 × 105 cells per cm2 on dishes pre-coated with polyornithine (15 μg/ml), laminin 
(1 μg/ml) and fibronectin (2 μg/ml), and cultured in neurobasal medium with 2% B27 without vitamin A and with 
1% penicillin/streptomycin and trophic factors (GDNF, BDNF, TGFb3, AA, db-cAMP and DAPT) until analy-
sis. Quantification of neurons (at day 35, 50 and 80) was assessed by confocal microscopy using anti-FOXA2, 
anti-MAP2, anti-TH and anti-GIRK2 antibodies.

For the generation of NPCs, we followed a previ-
ously published protocol19. Briefly, hiPSC colonies were gently disaggregated from the culture plate and plated 
for 6 hours in non-adherent conditions in DMEM/F12 (Gibco/Invitrogen), 2% B27, 1% N2, 10 μM Y-27632 
(Miltenyl-Biotech), 100 nM LDN-193189 (120-10 C; PeproTech), 10 μM SB431542 (S4317-5MG; Sigma-Aldrich) 
and 2 ng/ml bFGF. Cells were then plated for 10 days on Matrigel-coated dishes in this medium before being 
detached with accutase and re-plated on Matrigel-coated dishes and cultured in neural induction medium: 1:1 
DMEM/F12:neurobasal medium supplemented with 2% B27, 1% N2, 1% ultraglutamine, 10 ng/ml Epidermal 
Growth Factor (EGF; AF-100-15 Peprotech) and 10 ng/ml bFGF. Culturing cells in this neural induction medium 
generates homogenous cultures of NSCs (>95% of the cells).

NSCs were grown at high confluence (70%) for 7 days on 
Matrigel-coated dishes in N2B27 medium supplemented with 200 ng/ml Sonic Hedgehog and 100 ng/ml FGF8 (100-25; 
PreproTech). This first culture step was required to pattern NPCs as DAn progenitors. For terminal differentiation, DAn 
progenitors were plated on polyornitine/laminin-coated dishes in N2B27 medium supplemented with 20 ng/ml BDNF 
(450-02, PeproTech), 20 ng/ml GDNF (450-10, PeproTech), 0.5 mM db-cAMP (A6885-25MG, Sigma-Aldrich) and 5 μM 
DAPT (565770; Calbiochem, San Diego, CA) for the indicated time points.

Cells were fixed with 4% paraformaldehyde in PBS at room temperature for 15 min 
and permeabilized for 15 min in 0.3% Triton X-100 in TBS. Cells were then blocked in Triton X-100 with 3% 
donkey serum for 2 h. The following antibodies were used: goat anti-Nanog (R&D Systems, Minneapolis, MI; 
AF1997; 1:50), mouse IgM anti-Tra-1-81 (Merck-Millipore; MAB4381; 1:200), mouse anti-OCT4 (Santa Cruz 
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Biotechnology, Santa Cruz, CA; sc-5279; 1:30), rat IgM anti-SSEA-3 (Developmental Studies Hybridoma Bank 
[DSHB] Iowa City, IA; MC-631; 1:10), mouse-SOX2 (R&D Systems; MB2018; 1:50), mouse anti-SSEA-4 (DSHB; 
MC-813-70; 1:100), mouse anti-NESTIN (Santa Cruz; sc-23927; 1:300action), rabbit anti-LMX1A (Millipore; 
ab10533; 1:1000), goat anti-EN1 (Santa Cruz; sc-46101; 1:200), mouse anti-TUJ1 (BioLegend, San Diego, CA; 
801202; 1:500), chicken anti-MAP2ab (Abcam ab5392; 1:1000) goat anti-FOXA2 (R&D Systems; AF2400; 1:50), 
rabbit anti-TH (Santa Cruz Biotechnology; sc-14007; 1:500), sheep anti-TH (Pel-Freez Biologicals, Rogers, AR; 
P60101-0 1:500), rabbit anti-mRFP (Abcam, Cambridge, NA; ab34771; 1:400), rabbit anti-GIRK2 (Sigma-Aldrich; 
P8122; 1:40). Secondary antibodies used were the Alexa Fluor Series from Jackson ImmunoResearch Europe 
(Newmarket, UK) (all 1:500). Images were taken using a Leica SP5 confocal microscope. To visualize nuclei, slides 
were stained with 0.5 μg/ml DAPI (4′,6-diamidino-2-phenylindole) and then mounted with polyvinyl alcohol 
with DABCO® (SIGMA).

At days 35 and 50 of differentiation vmDAn were incubated with the calcium indicator 
Fluo-4 AM (Invitrogen) for 30 minutes, with gentle shaking at room temperature. Spontaneous neuronal activ-
ity was monitored for 20 minutes with a CMOS fluorescence camera (Hamamatsu Orca Flash v4; Hamamatsu 
Photonics, Tokyo, Japan) at a rate of 20 images/s and a spatial resolution of 2.3 μm/pixel, which allowed for the 
identification of single neuronal bodies. Data acquisition was controlled through the software Hokawo 2.10 
(Hamamatsu). Data analysis was carried out with the software NETCAL23, which registers the variation of the 
fluorescence signal for each neuron as a function of time, and is directly related with calcium uptake and release. 
The fluorescence signal for each neuron was expressed as ΔF/F0 (%) = 100·(F − F0)/F0, where F0 is the average 
fluorescence value of the neuron at rest.

Neuronal fluorescence traces were next analyzed with NETCAL to infer the timing of neuronal activations. 
The Schmitt trigger method24 was used for inference. This method scans the fluorescence traces for events that 
first pass a high threshold and then remain elevated above a second lower threshold for at least a certain mini-
mum duration. In our analysis, we used +3 standard deviations (SD) of the mean of the baseline noise as the high 
threshold, +2 SD as the low threshold, and 200 ms as the minimum event length.

The series of detected activity events were further contrasted with the fluorescence signal to determine the 
amplitude A of each activity event. The distribution of amplitude values for mOrange+ and mOrange− was then 
computed and the mean and SD values of the distributions finally evaluated.

Differences among groups were evaluated by one-way analysis of variance, and com-
parisons between two groups by Student’s t-test, using Prism (Mac OS X). Error bars represent mean ± SEM. A 
p-value less than 0.05 was considered significant.

All methods were performed in accordance with the relevant guidelines and regulations. 
The subject from whom iPSC were obtained, gave written informed consent prior to their participation in the 
study. The Commission on Guarantees for Donation and Use of Human Tissues and Cells of the Instituto de Salud 
Carlos III (ISCIII) and the local ethics committee at the Hospital Clínic de Barcelona approved the study, in full 
compliance with Spanish and European laws and regulations.
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Introduction
Parkinson’s disease (PD) is the second most common neurode-
generative disease. It is estimated to affect approximately 6 mil-
lion people worldwide, and its prevalence will increase further 
as populations age (1). Patients with PD suffer debilitating motor 
symptoms as well as nonmotor symptoms including dementia 
and neuropsychiatric abnormalities (2, 3). Dopamine neurons in 
the substantia nigra pars compacta (SNc) and their projections 
into the striatum are especially susceptible to disruption in PD (4). 
Loss and impaired function of dopamine neurons cause the motor 
abnormalities that are a hallmark feature of PD. Although current 
treatments can sometimes relieve PD symptoms, no therapies pre-
vent the neurodegeneration (5).

PD may have a number of different causes, and several patho-
genic mechanisms have been proposed to contribute to the apop-
totic death of neurons (6–10). In the majority of cases, the etiol-
ogies are unknown and probably complex. Aging, environmental 
toxins, and genetic mutations are all risk factors. In many cases, 
energy deficits and decreased ATP levels are observed in PD (11). 

First, aging, the major risk factor for PD, impairs cerebral glucose 
metabolism, reduces mitochondrial biogenesis, and decreases 
ATP levels (12). Second, glycolysis and mitochondrial function 
are decreased in individuals with PD (13, 14). Third, mitochondri-
al toxins (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [MPTP], 
rotenone, paraquat) induce PD and PD-like phenotypes in cells 
and animals, including humans (15). Fourth, mutations associat-
ed with familial PD (e.g., PINK1, LRRK2, -synuclein, parkin, DJ-1,  
CHCHD2) disrupt various aspects of energy metabolism (16). 
It is also hypothesized that SNc dopaminergic neurons may be 
particularly susceptible to PD neurodegeneration, because their 
highly branched, unmyelinated axonal arbor, their many neu-
rotransmitter release sites, and their rhythmic firing engender a 
large metabolic burden (17). These considerations suggested that 
impaired bioenergetics and reduced ATP levels might contribute 
to the pathogenesis of PD, might modify the risk of developing PD 
in the face of PD risk factors, and/or might modify the course or 
severity of the disease.

We recently discovered that terazosin (TZ) binds and acti-
vates phosphoglycerate kinase 1 (PGK1) (18), the first ATP-gen-
erating enzyme in glycolysis (Figure 1A). TZ is an 1-adrenergic 
receptor antagonist that can relax smooth muscle and is pre-
scribed to treat benign prostatic hyperplasia and, rarely, hyper-
tension (19). However, biochemical and functional studies show 
that the effects of TZ on PGK1 are independent of 1-adrenergic 
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administration of MPTP to mice, pyruvate and ATP levels fell 
(Figure 1, F and G, and Supplemental Figure 2, A–C), and admin-
istration of TZ prevented the fall in pyruvate and ATP levels. Mito-
chondrial content (assessed by the ratio of mitochondrial DNA to 
nuclear DNA and by VDAC and PHB1 levels) also fell (Supplemen-
tal Figure 2, D–F). TZ partially prevented the decrease. As previ-
ously suggested (23), the increased pyruvate levels may have stim-
ulated mitochondrial biogenesis. It would be difficult to measure 
ATP specifically in neurons, however, we observed similar chang-
es in human neuroblastoma cells (Supplemental Figure 3, A–E). 
These data indicate that TZ activates glycolysis in vivo. Together 
with measurements of brain TZ levels (Supplemental Figure 3F), 
they also indicate that TZ readily crosses the blood-brain barrier.

Although PGK1 produces ATP, oxidative phosphorylation is 
probably important for increasing ATP on the basis of the follow-
ing: (a) pyruvate, the product of glycolysis and major substrate for 
the citric acid cycle, increased (Figure 1, C and F, Supplemental 
Figure 1B, Supplemental Figure 2B, and Supplemental Figure 3A); 
(b) citrate synthase activity, a marker of mitochondrial activity, 
increased (Figure 1D, Supplemental Figure 1C, and Supplemental 
Figure 3B); (c) the extracellular acidification rate, a measure of gly-
colysis, and the O2 consumption rate, a measure of mitochondrial 
respiration, both increased (Supplemental Figure 3, D and E); and 
(d) mitochondrial content was partially maintained after MPTP 
(Supplemental Figure 2, D and F), which may have also contribut-
ed to the increased ATP content.

TZ decreases MPTP-induced neurodegeneration in mice. MPTP 
can model aspects of dopamine neuron loss in mice (21). To deter-
mine whether PGK1 stimulation would slow or prevent MPTP- 
mediated deficits, we administered MPTP to the mice, followed 

antagonism (18). The crystal structure of TZ with PGK1 revealed 
that the 2, 4-diamino-6, 7-dimethoxyisoquinazoline motif of TZ 
binds PGK1 adjacent to the ADP/ATP binding site. In cultured 
cells, TZ enhanced PGK1 activity, thereby increasing ATP levels, 
and inhibited apoptosis (18).

The impaired energy production in PD, together with the 
ability of TZ to increase PGK1 activity, led us to hypothesize that 
increasing glycolysis in vivo might slow or prevent the apoptotic 
neurodegeneration of PD. To test this hypothesis, we used mod-
els of PD in flies, mice, rats, and human cells, and we interrogated 
patient databases to learn whether TZ altered the course of disease.

Results
TZ increases brain ATP levels in vivo in mice. To determine whether 
TZ would enhance glycolysis in vivo, we administered the drug to 
mice. TZ increased the levels of pyruvate, the product of glycolysis, 
in the SNc and striatum as well as in cortex (Figure 1, B and C, and 
Supplemental Figure 1, A and B; supplemental material available 
online with this article; https://doi.org/10.1172/JCI129987DS1). 
Increased pyruvate enhances oxidative phosphorylation (20), 
and consistent with this finding, we observed that TZ increased 
citrate synthase activity, a marker of mitochondrial activity (Fig-
ure 1D and Supplemental Figure 1C). Correspondingly, we found 
that ATP levels increased (Figure 1E and Supplemental Figure 1D). 
Like previous in vitro data, the dose response was biphasic; our 
previous studies suggest that, at low but not high concentrations, 
TZ may enhance ATP release from PGK1 (18).

We also asked whether TZ would increase energy production 
in mice that received MPTP. MPTP causes PD in humans and 
is used to model PD in other animals (21, 22). Seven days after 

Figure 1. TZ enhances glycolysis in the mouse brain. Data points represent individual mice. Blue indicates controls and red indicates TZ treatment. (A) 
Schematic of ATP production by glycolysis and oxidative phosphorylation. (B) Schematic time course for experiments in C–G. Eight-week-old C57bl/6 mice 
were given MPTP (20 mg/kg i.p.) or vehicle 4 times at 2-hour intervals. Then, TZ (10 g/kg) or vehicle was injected i.p. once a day for 1 week. Assays were 
performed on day 7. (C–E) Pyruvate levels (C), citrate synthase (CS) activity (D), and ATP levels (E) were measured in mouse striatum. TZ doses are indicat-
ed in E. n = 6. Statistical comparison was made versus no TZ treatment. (F and G) Pyruvate (F) and ATP (G) levels in the mouse striatal region. Supplemen-
tal Table 3 shows statistical tests and P values for all comparisons. Bars and whiskers indicate the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 
Mann-Whitney U test (C and D), Kruskal-Wallis with Dunn’s test (E), and Kruskal-Wallis with Dwass-Steele-Critchlow-Fligner test (F and G).
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Figure 4, A and B). As a result, the dopamine, 3,4-dihydroxyphe-
nylacetic acid (DOPAC) and homovanillic acid (HVA) content of 
the striatum and SNc decreased (Figure 2, H and I, and Supple-
mental Figure 4, C–F). MPTP also increased the percentage of 
TH-positive cells that were TUNEL positive, indicating increased 
apoptosis (Figure 2J and Supplemental Figure 4, G and H). Begin-
ning TZ treatment at the time we administered MPTP attenuat-
ed all these defects on day 7. When TZ delivery was delayed for 
7 days after MPTP administration, it improved the abnormalities 
on day 14. Consistent with these biochemical defects, TZ prevent-
ed deficits in motor function on day 7, and it improved motor per-
formance on day 14 after delayed administration (Figure 2K and 
Supplemental Figure 4, I and J).

by administration of TZ for the next 7 days, and an assay on day 7 
(Figure 2A). Because individuals with PD present after the onset of 
neuron degeneration, we also asked whether delayed TZ admin-
istration would slow neuron loss and functional decline. There-
fore, in some mice, we waited 7 days after delivering MPTP before 
starting the 7-day course of TZ treatment. We then performed an 
assay on day 14 (Figure 2A).

Over the course of 14 days, MPTP progressively decreased the 
levels of tyrosine hydroxylase (TH), the rate-limiting enzyme for 
generating dopamine. MPTP decreased TH levels in the SNc and 
striatum, reduced the numbers of TH-positive cells in the SNc, 
and decreased the intensity of TH immunostaining in the neuron 
projections into the striatum (Figure 2, B–G, and Supplemental 

Figure 2. TZ improves dopamine neuron and motor function in MPTP-treated mice. (A) Schematic for experiments in panels B–K. Eight-week-old 
C57BL/6 mice received 4 i.p. injections of MPTP (20 mg/kg at 2-hour intervals) or vehicle on day 0. Mice were then injected with TZ (10 g/kg) or vehicle 
(0.9% saline) once a day for 1 week, and assays were performed on day 7. Other mice began receiving daily TZ or vehicle injections beginning on day 7, and 
assays were performed on day 14. n = 6. (B–D) Example of Western blots with TH and -actin (protein loading control) in striatum and SNc on days 7 and 
14 (B). Quantification of TH protein normalized to control (C and D). n = 6. (E) Example of immunostaining of TH in SNc and striatum. Scale bars: 100 m 
(SNc) and 1 mm (striatum). Quantification of TH-positive neurons in SNc (F) and TH intensity in the striatum (G). n = 6. (H and I) Dopamine (DA) content 
in striatum and SnC. n = 6. (J) Percentage of TH-positive neurons that were positive for TUNEL staining. n = 6. (K) Behavioral response of mice in the 
rotarod test. Data reflect the duration that the mice remained on an accelerated rolling rod, normalized to mice on day 0. n = 8. Data represent examples 
and indicate the mean ± SEM. Blue indicates control and red indicates TZ treatment. *P < 0.05 and **P < 0.01, by Mann-Whitney U test for days 7 and 14. 
Supplemental Table 3 shows P values for all comparisons.
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of TH immunostaining in the striatum also decreased (Figure 3, D 
and E). TZ partially reverted these abnormalities toward control 
values. 6-OHDA progressively decreased dopamine, DOPAC, and 
HVA content, and TZ partially prevented the reduction (Figure 3F 
and Supplemental Figure 5, G and H). Seven weeks after injection 
of 6-OHDA into the right striatum, we observed that use of the left 
forepaw had fallen (Figure 3G), however, when the rats received 
TZ between weeks 5 and 7, they used both forepaws equally.

Previous studies have shown that MPTP and 6-OHDA can 
rapidly reduce TH expression (21), and consistent with this find-
ing, we observed that TH levels, TH-positive neurons, TH intensi-
ty in the striatum, and dopamine content decreased rapidly after 
administration of MPTP and 6-OHDA to mice and rats, respec-
tively (Figures 2 and 3 and Supplemental Figures 4 and 5). Cell 
death was also apparent. However, not all the damaged cells were 
rapidly killed, as cell death continued to progress for at least 14 
days in MPTP-treated mice and for 7 weeks in 6-OHDA–treated 
rats (Figure 2J and Figure 3B). Accordingly, TH levels, TH-positive 

These in vivo results in mice suggest that TZ slows or prevents 
MPTP-induced neurodegeneration, partially restores TH and 
dopamine levels, and improves motor function.

TZ enhancement of PGK1 activity slows neurodegeneration 
in 6-OHDA–treated rats. The compound 6-hydroxydopamine 
(6-OHDA) is delivered to rats to produce a model of dopamine 
neuron degeneration in PD (24). Previous studies have shown pro-
gressive cell death and injury between 2 and 12 weeks after admin-
istration of 6-OHDA (25–27). Therefore, we chose a 7-week course 
of observation. We injected 6-OHDA into the right striatum of 
rats, waited 2–5 weeks, and then initiated a 2-week course of TZ 
treatment (Figure 3A). In vehicle-treated rats, evidence of SNc cell 
apoptosis progressively increased from 2 to 7 weeks (Figure 3B and 
Supplemental Figure 5, A and B). However, irrespective of the delay 
before the start of treatment, we observed that TZ attenuated fur-
ther cell loss. 6-OHDA also progressively decreased TH levels in 
the striatum and SNc (Figure 3C and Supplemental Figure 5, C–F). 
The percentage of TH-positive cells in the SNc and the intensity 

Figure 3. TZ slows neurodegeneration, increases dopamine, 
and improves motor performance in 6-OHDA–treated rats. 
(A) Schematic for experiments in B–G. 6-OHDA (20 g) was 
injected into the right striatum of rats on day 0. TZ (70 g/
kg) or saline was injected i.p. daily for 2 weeks, beginning 2, 3, 
4, or 5 weeks after 6-OHDA injection. Assays were performed 
at 0 and 2–7 weeks. (B) Percentage of TUNEL-positive SNc 
cells. n = 6. (C) Quantification of TH protein levels assessed 
by immunoblotting in the striatum, normalized to control. n = 
6. (D and E) Percentage of SNc cells positive for TH immuno-
staining (D) and intensity of TH immunostaining in striatum 
(E) 7 weeks after 6-OHDA injection. TZ treatment was admin-
istered from week 5 to week 7. n = 6. (F) Dopamine content in 
the right striatum relative to the left (control) striatum. n = 6. 
(G) Results of the cylinder test. 6-OHDA was injected into the 
right striatum, impairing use of the left paw. The assay was 
performed 7 weeks after 6-OHDA injection. TZ treatment was 
given from week 5 to week 7. n = 4 for control group and  
n = 10 for the two 6-OHDA groups. In C, D, E, and G, data 
points represent individual rats, and bars and whiskers 
indicate the mean ± SEM. Blue indicates controls and red indi-
cates TZ treatment. Supplemental Table 3 shows statistical 
tests and P values for all comparisons. *P < 0.05, **P < 0.01, 
and ***P < 0.001, by Mann-Whitney U test (B and F), Kruskal- 
Wallis with Dwass-Steele-Critchlow-Fligner test (C, D, and E), 
and Friedman with Dunn’s test (G).
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together with rotenone minimized decrements in ATP content 
and motor performance.

Previous studies showed that TZ increases ATP by enhanc-
ing PGK1 activity (18, 30). We knocked down Pgk in Drosophila by 
expressing RNAi and found that it abolished the protective effect 
of TZ on motor performance (Figure 4, D and E, vs. Figure 4C). 
Conversely, overexpression of PGK1 in Drosophila TH neurons, all 
neurons (Appl promoter), or all cells (actin promoter) made flies 
resistant to rotenone-induced behavioral defects (Figure 4F). In 
contrast, we found that expression in muscle was not protective. 
These results, together with earlier findings (18, 30), indicate that 
TZ protects TH neurons by activating PGK1.

TZ attenuates neurodegeneration in genetic models of PD. In 
addition to toxin-induced models, we tested fly, mouse, and 
human genetic models of PD. PINK1 mutations cause PD in 
humans; we therefore tested the Drosophila PINK15 mutant (31–
33). We administered vehicle or TZ from day 1 after hatching to 
day 10. On day 10, nearly all PINK15 flies exhibited wing posture 
defects (Figure 5A). TZ partially reversed this abnormality. Brain 
TH and ATP levels also decreased, and motor performance was 
impaired in PINK15 flies (Figure 5, B–E, and Supplemental Fig-
ure 6). TZ partially corrected these defects. We also tested the 
Drosophila LRRKex1 mutant (34); LRRK2 mutations cause auto-
somal-dominant, late-onset PD (35). TZ also attenuated motor 
deficits in that model (Figure 5F).

neurons, TH intensity in the striatum, and dopamine content also 
continued to decrease further with time. Administration of TZ, 
even after the onset of neurodegeneration, slowed cell death, and 
it increased TH levels, dopamine content, and motor performance 
compared with vehicle-treated controls (Figures 2 and 3 and Sup-
plemental Figures 4 and 5).

After MPTP and 6-OHDA administration, apoptotic cell 
death continued for 14 days and 7 weeks, respectively. Delayed 
TZ administration (beginning on day 7 in MPTP-treated mice and 
in week 5 in 6-OHDA–treated rats) slowed or prevented further 
apoptotic cell death. In MPTP-treated mice, dopamine levels, 
behavioral performance, and in some cases TH levels on day 14 
exceeded those on day 7. Likewise, in 6-OHDA–treated rats, dopa-
mine and TH levels by week 7 exceeded those in week 5. PD neu-
rons that have not yet undergone apoptotic cell death almost cer-
tainly have impaired metabolic function (28). Our results suggest 
that TZ improved the function of neurons that were impaired by 
MPTP and 6-OHDA but had not yet degenerated.

TZ enhances PGK activity to attenuate rotenone-induced neu-
rodegeneration in flies. As an additional model of PD, we treated 
Drosophila melanogaster with rotenone, a mitochondrial complex 
I inhibitor implicated in sporadic PD (29). Rotenone exposure 
reduced brain ATP levels (Figure 4, A and B). It also disrupted 
motor function as tested by climbing behavior (Figure 4C). PGK 
is highly conserved in flies and mammals, and supplying TZ 

Figure 4. TZ enhances Pgk activity to attenuate rotenone-impaired motor performance. (A) Schematic for experiments in panels B –F. Flies received 
rotenone (125 or 250 M in food) with TZ (1 M) or vehicle for 7 or 14 days. (B) Relative ATP content in the brains of w1118 flies that received 250 M rotenone 
with or without TZ for 14 days. n = 6, with 200 fly heads for each treatment in each trial. (C) Climbing behavior of flies after 250 M rotenone with TZ (1 

M) or vehicle for 7 days. Data show the percentage of flies that climbed up a tube (see Methods). n = 3, with 200 flies tested for each treatment in each 
trial. (D) Knockdown of Pgk in offspring of actin-Gal4 crossed with UAS-Pgk RNAi flies. Offspring of actin-Gal4 crossed with y1 v1 P [CaryP] attP2 were 
used as a genetic background matched control. n = 3, with RNA collected from 30 fly heads for each sample. (E) Pgk was knocked down in TH neurons by 
crossing UAS-Pgk RNAi flies with flies carrying the TH neuron-specific promoter (TH-Gal4) to produce TH>Pgk RNAi flies. Rotenone (250 M) and TZ were 
administered as indicated for 7 days. Climbing behavior was measured on day 7. n = 8, with 200 flies tested for each treatment in each trial. (F) Pgk (UAS-
Pgk) overexpression was driven by a dopaminergic neuron promoter (TH-Gal4), a pan-neuronal promoter (Appl-Gal4), a pan-cell promoter (Actin-Gal4), and 
a muscle-specific promoter (Mhc-Gal4). Rotenone (250 M) was administered for 7 days, and climbing behavior was measured on day 7. n = 3, with 200 
flies tested for each treatment in each trial. Data points represent individual groups of flies, and bars and whiskers show the mean ± SEM. Blue indicates 
controls and red indicates TZ treatment. Supplemental Table 3 shows statistical tests and P values for all comparisons. *P < 0.05, **P < 0.01, and ***P < 
0.001, by Kruskal-Wallis with a Dwass-Steele-Critchlow-Fligner test (B), 1-way ANOVA with Tukey’s test (C and E), paired t test (D), and unpaired t test (F).
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Abnormal accumulation of -synuclein, a major constituent of 
Lewy bodies, is a key feature of PD (36). Transgenic mice overex-
pressing WT human -synuclein (mThy1-hSNCA) exhibit PD-like 
neurodegeneration at an advanced age (37). We began treating 
mThy1-hSNCA mice at 3 months of age with vehicle or TZ. When 
they were 15 months old, the vehicle-treated mice had substantial 
expression of human -synuclein in the striatum and SNc (Figure 
5, G–J) and impaired motor performance on the rotarod and pole 
tests (Figure 5K and Supplemental Figure 7). TZ treatment partial-
ly prevented these abnormalities.

We also tested the effect of TZ on dopamine neurons differen-
tiated from induced pluripotent stem cells (iPSCs). LRRK2G2019S is 
the most common LRRK2 mutation and is associated with approx-
imately 4% of familial PD cases and approximately 1% of sporadic 
PD cases (38). Dopamine neurons derived from LRRK2G2019S iPSCs 
recapitulate PD features including abnormal -synuclein accumu-
lation (39). We studied such neurons generated from 2 patients. 

After 30 days of differentiation, the dopamine neurons showed no 
overt signs of neurodegeneration (Supplemental Figure 8). How-
ever, approximately 60% of the LRRK2G2019S dopamine neurons 
had accumulated -synuclein compared with approximately 15% 
of dopamine neurons from healthy individuals (Figure 6, A and 
B). Addition of TZ for 24 hours increased the ATP content and 
reduced the percentage of LRRK2G2019S dopamine neurons with 
elevated -synuclein accumulation (Figure 6, A–C).

In the Parkinson’s Progression Markers Initiative database, indi-
viduals with PD who were taking TZ had a reduced rate of progres-
sive motor disability. In the past, assessment of whether an agent 
might affect PD has been largely limited to animal models. Three 
factors allowed us to assess efficacy in humans. First, TZ is a rela-
tively commonly used drug. Second, availability of human clinical 
databases allowed us to test for a TZ effect. Third, tamsulosin can 
serve as a control for TZ. Like TZ, tamsulosin is an 1-adrenergic 
antagonist, and, like TZ, tamsulosin is prescribed for benign pros-

Figure 5. TZ improves TH levels and motor performance in genetic models of PD. Data points are from individual mice and groups of flies. (A–E) WT 
(w1118) and PINK15 flies received TZ or vehicle for 10 days beginning on the first day after eclosion. Day 10 assays included: (A) Example of wing posture 
defect and percentage of w1118 and PINK15 flies with wing posture defects. n = 6, with 80 flies for each treatment in each trial. (B and C) Example of TH 
Western blot (B) and quantification of TH (C). n = 5, with 40 fly heads for each treatment in each trial. (D) ATP content in brains (relative to w1118). n = 3, 
with 200 fly heads for each treatment in each trial. (E) Climbing behavior of flies. n = 3, with 100 flies for each treatment in each trial. (F) Climbing behav-
ior of LRRKex1 male flies. n = 6, with 100 flies for each treatment in each trial. (G–K) TZ administration to mThy1-hSNCA–transgenic mice. (G) Schematic 
for experiments in panels H–K. (H) Example of Western blot of -synuclein in striatum and SNc. (I and J) Quantification of -synuclein in striatum and 
SNc. n = 5. (K) Duration that mice remained on an accelerating rotarod. n = 5. Data are from individual groups of flies (A–F) and individual mice (I–K). 
Bars and whiskers indicate the mean ± SEM. Blue indicates controls and red indicates TZ treatment. Supplemental Table 3 shows statistical tests and 
P values for all comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA with Tukey’s test (D) and Kruskal-Wallis with a Dwass-Steele-
Critchlow-Fligner test (A–C, E, F, and I–K).
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tatic hyperplasia. However, in contrast to TZ, tamsulosin does not 
have a quinazoline motif that binds to and enhances PGK1 activity.

PD is common in older men, its incidence increases mark-
edly after age 60, and the prevalence of the disease in men is 
approximately 1.5 times that in women (40). TZ is prescribed for 
benign prostatic hyperplasia, a disease that also affects older men. 
Therefore, we suspected that some patients with PD used TZ, and 
we hypothesized that they would have a reduced rate of disease 
progression. To test this hypothesis, we interrogated the Parkin-
son’s Progression Markers Initiative (PPMI) database. This data-
base enrolls patients with PD shortly after diagnosis and follows 
their motor function as determined by the Movement Disorder 
Society’s Unified Parkinson’s Disease Rating Scale Part 3 (41). 
Although this clinical database is small, it is relatively unique in 
assessing motor progression. We identified 7 men with PD who 
used TZ and compared them with 269 men not taking TZ. Com-
pared with the controls, the patients who used TZ had a slower 
rate of motor function decline (Table 1). Although the difference 
was statistically significant, only 7 patients used TZ. We therefore 
sought a larger sample.

The crystal structure of TZ with PGK1 (18) suggested that 
related drugs with quinazoline motifs might also enhance PGK1 

activity. Consistent with that possibility, doxazosin (DZ) and alfu-
zosin (AZ) increased glycolysis in M17 cells and tyrosine hydrox-
ylase levels in MPTP-treated mice (Supplemental Figure 9, A and 
B). We identified 13 men in the PPMI database who were using 
TZ, DZ, or AZ (TZ/DZ/AZ) (Table 1). The progression of motor 
disability was slowed in those patients (Figure 7, Supplemental 
Figure 10, and Table 1).

In contrast to TZ, DZ, and AZ, tamsulosin lacks a quinazo-
line motif for binding to PGK1. Consistent with that, tamsulosin 
did not rescue tyrosine hydroxylase levels in MPTP-treated mice 
(Supplemental Figure 9B). Correspondingly, tamsulosin failed to 
slow the motor function decline of patients enrolled in the PPMI 
database (Figure 7 and Table 1). These data are also consistent 
with the conclusion that enhanced glycolytic activity and attenua-
tion of cell death are mediated by the effect of TZ on PGK1 and not 
on 1-adrenergic receptors.

The IBM Watson/Truven database shows that individuals with 
PD who used TZ/DZ/AZ had fewer PD-related diagnoses. To evalu-
ate a larger number of individuals with PD and to use a different 
database and assessment methods, we interrogated the IBM Wat-
son/Truven Health Analytics MarketScan Database for the years 
2011 to 2016. The database includes longitudinal, deidentified 
diagnoses (ICD-9/ICD-10 codes) and pharmaceutical claims. We 
identified 2880 PD patients with PD taking TZ/DZ/AZ (4821 per-
son years) (Table 2). For a comparison group, we chose patients 
with PD who were taking tamsulosin, which controlled for use of 
an 1-adrenergic antagonist and for the presence of benign pros-
tatic hyperplasia. We identified 15,409 individuals with PD who 
were taking tamsulosin (21,409 person years). To obtain a list of 
diagnostic codes associated with PD, we first identified the 497 
most common diagnostic codes in the group of individuals with 
PD. Then, 2 neurologists who care for patients with PD identified 
79 potentially PD-related diagnoses (Supplemental Table 1).

Using a quasi-Poisson generalized linear model, we found that 
the relative risk (RR) of having any of the 79 PD-related diagnos-
tic codes was 0.78 (95% CI: 0.74–0.82) for the TZ/DZ/AZ group 
relative to the individuals on tamsulosin (P < 0.00001). Of the 
79 PD-related codes, we found a reduced risk in 69 codes among 
patients with PD who were taking TZ/DZ/AZ versus those taking 
tamsulosin (Figure 8A). Moreover, 41 diagnostic codes were sta-
tistically significantly decreased in the PD patients taking TZ/DZ/

Figure 6. TZ increases ATP content and decreases -synuclein accumu-
lation in iPSC-derived dopamine neurons from patients with PD. (A) 
iPSC-derived dopamine neurons from 2 patients with PD (subjects 12 and 
13) carrying LRRK2G2019S mutations and a healthy control (subject 11). Thirty-
day-old dopamine neurons were plated and were treated with TZ (10 M) 1 
or 3 days later. The neurons were studied 24 hours after addition of TZ. We 
observed no difference between the 2 start dates and therefore combined 
the data. Representative immunofluorescence images of -synuclein 
(SNCA, green), TH (red), and DAPI (nuclei, blue). (B) Percentage of TH- 
positive neurons with cytoplasmic accumulation of -synuclein. n = 12. (C) 
ATP content in control and LRRK2G2019S iPSC–derived dopamine neurons. n = 
12. Bars and whiskers indicate the mean ± SEM. Blue indicates controls and 
red indicates TZ treatment. Supplemental Table 3 shows statistical tests 
and P values for all comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001, by 
Mann-Whitney U test.
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developed PD. The HR from the Cox 
proportional hazards regression for 
the matched cohort was 0.62 (95% 
CI: 0.49–0.78; P < 0.0001).

Discussion
Our results indicate that in both 
toxin-induced and genetic models 
of PD in multiple animal species, 
enhancement of PGK1 activity slows 
or prevents neurodegeneration in 
vivo, thereby increasing dopamine 
levels and improving motor per-
formance. Enhancement of PGK1 
activity showed beneficial effects, 
even when begun after the onset 
of neurodegeneration. Moreover, 
interrogation of 2 independent data-
bases suggested that TZ and related 
quinazoline agents slowed disease 
progression, reduced PD-related  

complications in individuals with PD, and reduced the risk of 
receiving a PD diagnosis.

Evidence from our present and earlier experiments indicates 
that TZ elicits its beneficial effects in PD by enhancing the activity 
of PGK1 and not by inhibiting the 1-adrenergic receptor. Our ear-
lier experiments and crystal structure showed that the quinazo-
line motif of TZ binds PGK1 near the nucleotide binding site (18). 
Studies with recombinant PGK1, studies using cultured cells, and 
measurements in brain following in vivo delivery all revealed a 
biphasic relationship between the concentration of TZ and ATP 
levels (18). In the present study, tamsulosin inhibited 1-adrener-
gic receptors, but its structure lacks a quinazoline group that binds 
PGK1, and it did not enhance glycolysis or prevent the reduction 
of tyrosine hydroxylase levels in MPTP-treated mice. In contrast, 
2 drugs that have a structure similar to that of TZ (DZ and AZ) 
enhanced glycolysis in vitro and protected MPTP-treated mice. 

AZ versus those on tamsulosin, whereas only 2 diagnostic codes 
were significantly increased in the TZ/DZ/AZ group.

To estimate PD-related benefits and risks attributable to TZ/
DZ/AZ versus tamsulosin, we calculated the RR for clinically rel-
evant groupings of the 79 PD-related codes. Relative to patients 
with PD taking tamsulosin, those on TZ/DZ/AZ had reduced 
clinic and hospital visits for motor symptoms (RR 0.77; 95% CI: 
0.70–0.84), nonmotor symptoms (RR 0.78; 95% CI: 0.73–0.83), 
and PD complications (RR 0.76; 95% CI: 0.71–0.82) (Figure 8B, 
Supplemental Table 1, and Supplemental Table 2). Of note, dopa-
mine analogs do not treat PD symptoms such as dementia and 
neuropsychiatric manifestations (3). However, the RR for these 
diagnostic codes was also less than 1.0.

These data suggest that under real-world conditions, TZ and 
related drugs that enhance PGK1 activity reduce PD signs, symp-
toms, and complications.

Individuals who used TZ/DZ/AZ had a decreased risk of PD diag-
nosis. We also used the Truven database to test whether TZ/DZ/
AZ might reduce the frequency of PD diagnoses. We identified 
78,444 PD-free enrollees who were taking TZ/DZ/AZ. During a 
follow-up duration of 284 ± 382 days (mean ± SD), a total of 118 
individuals (0.15%) developed PD. In contrast, in an equal-sized 
cohort of PD-free enrollees taking tamsulosin and matched for age 
and follow-up duration (284 ± 381 days), 190 individuals (0.25%) 

Table 1. Subjects from the PPMI database

Controls Tamsulosin TZ TZ/DZ/AZ
Number of PD patients 269 24 7 13
Dosage mg/d, mean ± SD NA 0.4 ± 0.1 5.0 ± 2.5 TZ 5.0 ± 2.5  

DZ 3.3 ± 1.2  
AZ 10.0 ± 0.0

MDS-UPDRS Part 3 Baseline score,  
mean ± SD

20.2 ± 9.4 20.3 ± 7.1 19.1 ± 12.8 20.9 ± 12.2

P (vs. controls) NA 0.961 0.771 0.81
MDS-UPDRS Part 3 Slope of change/month,  
mean ± SEM

0.54 ± 0.05 0.39 ± 0.14 0.01 ± 0.25 0.02 ± 0.20

P (vs. controls) NA 0.301 0.038 0.013

TZ/DZ/AZ includes patients with PD taking TZ (n = 7), DZ (n = 3), or AZ (n = 3). When comparing TZ with 
controls, the 6 participants taking DZ and AZ were removed (as opposed to being considered part of the 
control group). Statistical analysis was performed using linear mixed-effects regression and is further 
described in the Supplemental Methods. MDS-UPDRS scores were obtained when the participants were not 
yet taking a PD medication or were in the practically defined OFF state (at least 6 hours after the last dose of 
levodopa or any other anti-PD medication).

 

Figure 7. TZ and related drugs slow the progression of motor defects 
for patients with PD enrolled in the PPMI database. Movement Disorder 
Society–Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) Part 3 
(motor) scores for patients with PD in the PPMI database. Patients were 
taking TZ/DZ/AZ (blue, n = 13), tamsulosin (green, n = 24), or none of 
these drugs (red, n = 269). Data represent scores upon entry into the PPMI 
database through approximately 1 year and include all measures between 
those times. All patients taking these drugs were men prescribed TZ/
DZ/AZ or tamsulosin, without breaks for benign prostatic hyperplasia or 
undefined urological problems. Lines are plotted from linear mixed- 
effect regression analyses. By maximum likelihood estimation, TZ/DZ/AZ 
differed from controls (P = 0.012).
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This study also has limitations, includ-
ing those for toxin-induced and genetic 
models of PD (46). Toxins such as MPTP 
and rotenone can cause PD in humans and 
PD-like disease in animals. Genetic defects 
also cause PD in humans and PD-like dis-
ease in animals. However, most PD is age 
related, with etiologies that remain uniden-
tified and are likely complex. Moreover, no 
current model unequivocally or accurately 
predicts therapeutic benefit or pathogene-
sis. It is precisely for these reasons that we 
used multiple animal models of PD and 
that we sought out human data. A second 
limitation is that our analysis of human 
databases was limited to men, because 

they are treated for benign prostatic hyperplasia. However, we 
expect that similar results would be obtained in women. Third, our 
data from humans are retrospective; however, these data provide 
compelling evidence that cannot be obtained from animal models 
alone. Fourth, our analysis of the PPMI and Truven databases com-
pared patients on TZ/DZ/AZ with those on tamsulosin. Although 
all the drugs were prescribed for benign prostatic hyperplasia, we 
cannot exclude the possibility that some other factor might have 
influenced prescribing behavior. For example, orthostatic hypo-
tension is a complication of both the autonomic dysfunction in PD 
and of the drugs, and there are reports suggesting that tamsulosin 
may elicit less orthostatic hypotension than TZ (47). However, 
such an effect would not explain the PPMI conclusions. Interest-
ingly, the risk of orthostatic hypotension and falls was reduced, not 
increased, for patients with PD taking TZ/DZ/AZ versus those on 

Knockdown of Pgk1 in Drosophila TH neurons abolished the pro-
tective effect of TZ. Overexpression of PGK1 in flies, mice, and 
fish phenocopied the effects of TZ (18, 30). TZ was active in Dro-
sophila melanogaster, which do not have 1-adrenergic receptors. 
Allosteric and covalent regulatory mechanisms have been identi-
fied for most glycolytic enzymes. For example, insulin-stimulated 
deacetylation increases PGK1 activity, and disrupting that regula-
tion results in glycolytic insufficiency (42).

Previous work has identified numerous genetic mutations and 
several environmental factors that cause or predispose individuals 
to PD (11–16, 43). As indicated above, reduced energy metabolism 
and decreased ATP levels are a feature of many of these environ-
mental and genetic factors, as is aging, the major PD risk factor. 
Therefore, enhancing glycolysis might slow progression in PD of 
several etiologies.

This study does not reveal how enhanced glycolysis slows neu-
rodegeneration and progression in PD. However, the increased 
ATP levels produced by TZ may be key. ATP has properties of a 
hydrotrope; it can prevent aggregate formation and dissolve previ-
ously formed protein aggregates (44, 45). Moreover, the transition 
between aggregate stability and dissolution occurs in a narrow 
range at physiological ATP concentrations. We speculate that by 
elevating ATP levels, TZ facilitates the solubilization of aggre-
gates, including -synuclein, and prevents the neurodegeneration 
of PD. However, other mechanisms are also possible including 
ATP-dependent disaggregases and chaperones (such as hsp90) 
that reduce apoptosis (18, 44, 45).

Table 2. Subjects from the Truven MarketScan database

Tamsulosin TZ DZ AZ TZ/DZ/AZ
Number of enrollees 15,409 1173 1177 529 2879
Person-years of exposure 21,409 2046 1967 808 4821
Dosage mg/d, mean ± SD 0.4 ± 0.0 4.6 ± 3.1 3.9 ± 2.3 10 NA
Age (yr)
Mean ± SD 77.2 ± 7.7 77.8 ± 7.4 77.6 ± 7.7 75.9 ± 8.0 77.4 ± 7.7

Summary of the number of enrollees, duration of exposure, and dose of drugs. Age refers to the age 
of the patient at the first observed medication-dispensing event. The first event can be the age of 
a patient at the time of a refill of a prescription that was begun prior to entry of the patient into the 
Truven database, or it can be the age at which the patient started the medication during the Truven 
observation period. 

Figure 8. TZ and related drugs reduce symptoms as assessed by diag-
nostic codes for patients with PD in the Truven/IBM Watson clinical 
database. Data are from the Truven Health Marketscan Commercial 
Claims and Encounters and Medicare Supplemental Databases for the 
years 2011–2016. Patients had a diagnosis of PD and were prescribed TZ/
DZ/AZ or tamsulosin for at least 1 year. We assessed RRs for 79 previ-
ously identified PD-related diagnostic codes. (A) RR for 79 PD-related 
diagnostic codes for patients taking TZ/DZ/AZ versus tamsulosin. Yellow 
indicates a statistically significant difference in risk between TZ/DZ/
AZ and tamsulosin (P < 0.05) determined by a generalized linear model 
with a quasi-Poisson distribution. (B) RR for the categories of PD-related 
diagnostic codes for patients taking TZ/DZ/AZ versus tamsulosin. Data 
represent the mean and 95% CIs.
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groups of flies also fit a Gaussian distribution. Therefore, parametric 
tests were used to evaluate statistical significance in studies using 
flies, and ANOVA evaluations were 1 way. All statistical tests were 2 
tailed. A P value of less than 0.05 was considered statistically signifi-
cant. Supplemental Table 3 shows the statistical tests used for all data 
and the resulting P values for comparisons.

Study approval. All experiments using mice and rats were approved 
by the IACUC of Peking University in Beijing (approval nos. LSC- 
Liul-1 and LSC-Liul-2).
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tamsulosin. In PD, neurons that have not yet degenerated almost 
certainly have compromised cellular function (28), and we specu-
late that TZ/DZ/AZ improved their functional integrity.

Results from this study, together with earlier data, led us to 3 
additional speculations. First, TZ is already used clinically, and in 
this regard, it is interesting that several studies reported that TZ 
improved glucose metabolism in patients with diabetes (48, 49). 
That observation has gone unexplained. We speculate that stim-
ulation of PGK1 activity might have been responsible. Consistent 
with that conjecture and with the conclusion that an 1-adrener-
gic receptor antagonistic effect was not responsible, we found 
that 1-adrenergic receptor antagonists structurally unrelated to 
TZ lacked that effect. In addition, disruption of the 1B-adrener-
gic receptor in mice had an effect opposite of that induced by TZ 
(50). Second, loss-of-function PGK1 mutations cause recessive 
hemolytic anemia, myopathy, seizures, and intellectual disability. 
However, other studies have reported Parkinsonism (51, 52), and 
the authors speculated that reduced ATP generation in the SNc 
may have been responsible. Third, PD occurs approximately 1.5 
times more frequently in men than in women (53). Why males are 
more predisposed to PD is unknown. However, it may be worth 
noting that the PGK1 gene is located on the X chromosome. Thus, 
the consequences of DNA sequence variations that could subtly 
reduce PGK1 levels or activity might more often manifest in men 
than in women.

Our findings that TZ increased glycolysis and prevented pro-
gressive neurodegeneration suggest that energy deficits might 
either be a pathogenic factor in the pathogenesis of PD or predis-
pose individuals to PD in the presence of environmental or genetic 
etiologies (11, 16). These findings identify a protein and a pathway 
that might be targeted to slow or prevent neurodegeneration in 
PD and potentially other neurodegenerative diseases with altered 
energy balance (54).

Methods
The Supplemental Methods contain information on the materials, 
reagents, experimental procedures, and analysis methods used in 
this study.

Statistics. For experiments to quantify animal behavior and for 
sample collections, the experimenters were blinded to the genotype 
and intervention, and the studies were conducted by 2 different exper-
imenters. The number of animals studied was based on our past expe-
rience and preliminary data. In all figures, data points are from indi-
vidual mice and rats or groups of flies. We did not exclude any data 
points from this study. Data in the figures indicate the mean ± SEM. 
Blue indicates controls, and red indicates TZ treatment. Statistical sig-
nificance for comparisons between data sets was primarily done with 
nonparametric tests. For studies of fly motor performance, our previ-
ous studies showed that within a group of flies (15–50 flies for 1 data 
point), the data fit a Gaussian distribution. Moreover, data for multiple 

 1. GBD 2016 Neurology Collaborators. Global, 
regional, and national burden of neurological 
disorders, 1990-2016: a systematic analysis for 
the Global Burden of Disease Study 2016. Lancet 
Neurol. 2019;18(5):459–480.

 2. Fahn S. The history of dopamine and levodopa in 

the treatment of Parkinson’s disease. Mov Disord. 
2008;23(Suppl 3):S497–S508.

 3. Chaudhuri KR, Odin P. The challenge of non- 
motor symptoms in Parkinson’s disease. Prog 
Brain Res. 2010;184:325–341.

 4. Kalia LV, Lang AE. Parkinson’s disease. Lancet. 

2015;386(9996):896–912.
 5. Maiti P, Manna J, Dunbar GL. Current under-

standing of the molecular mechanisms in Parkin-
son’s disease: Targets for potential treatments. 
Transl Neurodegener. 2017;6:28.

 6. Braak H, Del Tredici K. Neuropathological stag-



163Appendices

The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 5 4 9jci.org   Volume 129   Number 10   October 2019

ing of brain pathology in sporadic Parkinson’s 
disease: Separating the wheat from the chaff.  
J Parkinsons Dis. 2017;7(s1):S71–S85.

 7. Hunn BH, Cragg SJ, Bolam JP, Spillantini MG, 
Wade-Martins R. Impaired intracellular traf-
ficking defines early Parkinson’s disease. Trends 
Neurosci. 2015;38(3):178–188.

 8. Johnson ME, Stecher B, Labrie V, Brundin L, 
Brundin P. Triggers, facilitators, and aggravators: 
Redefining Parkinson’s disease pathogenesis. 
Trends Neurosci. 2019;42(1):4–13.

 9. Lunati A, Lesage S, Brice A. The genetic land-
scape of Parkinson’s disease. Rev Neurol (Paris). 
2018;174(9):628–643.

 10. Grünewald A, Kumar KR, Sue CM. New insights 
into the complex role of mitochondria in Parkin-
son’s disease. Prog Neurobiol. 2019;177:73–93.

 11. Saxena U. Bioenergetics failure in neurodegen-
erative diseases: back to the future. Expert Opin 
Ther Targets. 2012;16(4):351–354.

 12. Hoyer S. Brain glucose and energy metab-
olism during normal aging. Aging (Milano). 
1990;2(3):245–258.

 13. Hsu CC, et al. Risk factors for myopia progres-
sion in second-grade primary school children 
in Taipei: a population-based cohort study. Br J 
Ophthalmol. 2017;101(12):1611–1617.

 14. Schapira AH. Mitochondrial complex I deficiency in 
Parkinson’s disease. Adv Neurol. 1993;60:288–291.

 15. Blesa J, Phani S, Jackson-Lewis V, Przedborski S. 
Classic and new animal models of Parkinson’s 
disease. J Biomed Biotechnol. 2012;2012:845618.

 16. Schapira AH. Mitochondria in the aetiology and 
pathogenesis of Parkinson’s disease. Lancet Neu-
rol. 2008;7(1):97–109.

 17. Surmeier DJ. Determinants of dopaminergic 
neuron loss in Parkinson’s disease. FEBS J. 
2018;285(19):3657–3668.

 18. Chen X, et al. Terazosin activates Pgk1 and 
Hsp90 to promote stress resistance. Nat Chem 
Biol. 2015;11(1):19–25.

 19. Wilt TJ, Howe W, MacDonald R. Terazosin for 
treating symptomatic benign prostatic obstruc-
tion: a systematic review of efficacy and adverse 
effects. BJU Int. 2002;89(3):214–225.

 20. Compan V, et al. Monitoring mitochondrial pyru-
vate carrier activity in real time using a BRET-
based biosensor: investigation of the Warburg 
effect. Mol Cell. 2015;59(3):491–501.

 21. Heikkila RE, Hess A, Duvoisin RC. Dopaminergic 
neurotoxicity of 1-methyl-4-phenyl- 
1,2,5,6-tetrahydropyridine in mice. Science. 
1984;224(4656):1451–1453.

 22. Przedborski S, et al. The parkinsonian toxin 
MPTP: action and mechanism. Restor Neurol 
Neurosci. 2000;16(2):135–142.

 23. Wilson L, Yang Q, Szustakowski JD, Gullicksen 
PS, Halse R. Pyruvate induces mitochon-
drial biogenesis by a PGC-1 alpha-indepen-
dent mechanism. Am J Physiol, Cell Physiol. 
2007;292(5):C1599–C1605.

 24. Ungerstedt U. 6-Hydroxy-dopamine induced 
degeneration of central monoamine neurons. Eur 
J Pharmacol. 1968;5(1):107–110.

 25. He Y, Lee T, Leong SK. Time course of dopami-
nergic cell death and changes in iron, ferritin and 
transferrin levels in the rat substantia nigra after 
6-hydroxydopamine (6-OHDA) lesioning. Free 
Radic Res. 1999;31(2):103–112.

 26. Harms AS, et al. Delayed dominant-negative 
TNF gene therapy halts progressive loss of nigral 
dopaminergic neurons in a rat model of Parkin-
son’s disease. Mol Ther. 2011;19(1):46–52.

 27. Yuan WJ, et al. Neuroprotective effects of edara-
vone-administration on 6-OHDA-treated dopa-
minergic neurons. BMC Neurosci. 2008;9:75.

 28. Braak H, Del Tredici K. Potential pathways 
of abnormal tau and -synuclein dissemina-
tion in sporadic Alzheimer’s and Parkinson’s 
diseases. Cold Spring Harb Perspect Biol. 
2016;8(11):a023630.

 29. Coulom H, Birman S. Chronic exposure to 
rotenone models sporadic Parkinson’s dis-
ease in Drosophila melanogaster. J Neurosci. 
2004;24(48):10993–10998.

 30. Boyd PJ, et al. Bioenergetic status modulates 
motor neuron vulnerability and pathogenesis in a 
zebrafish model of spinal muscular atrophy. PLoS 
Genet. 2017;13(4):e1006744.

 31. Clark IE, et al. Drosophila pink1 is required for 
mitochondrial function and interacts genetically 
with parkin. Nature. 2006;441(7097):1162–1166.

 32. Tsai PI, et al. PINK1 Phosphorylates MIC60/
Mitofilin to Control Structural Plasticity of 
Mitochondrial Crista Junctions. Mol Cell. 
2018;69(5):744–756.e6.

 33. Yun J, et al. Loss-of-function analysis suggests 
that Omi/HtrA2 is not an essential component of 
the PINK1/PARKIN pathway in vivo. J Neurosci. 
2008;28(53):14500–14510.

 34. Lee SB, Kim W, Lee S, Chung J. Loss of LRRK2/
PARK8 induces degeneration of dopaminergic 
neurons in Drosophila. Biochem Biophys Res Com-
mun. 2007;358(2):534–539.

 35. Zimprich A, et al. Mutations in LRRK2 cause auto-
somal-dominant parkinsonism with pleomorphic 
pathology. Neuron. 2004;44(4):601–607.

 36. Spillantini MG, Crowther RA, Jakes R, Hasegawa 
M, Goedert M. alpha-Synuclein in filamentous 
inclusions of Lewy bodies from Parkinson’s dis-
ease and dementia with lewy bodies. Proc Natl 
Acad Sci U S A. 1998;95(11):6469–6473.

 37. Rockenstein E, et al. Differential neuropatho-
logical alterations in transgenic mice expressing 
alpha-synuclein from the platelet-derived growth 
factor and Thy-1 promoters. J Neurosci Res. 
2002;68(5):568–578.

 38. Lill CM. Genetics of Parkinson’s disease. Mol Cell 
Probes. 2016;30(6):386–396.

 39. Nguyen HN, et al. LRRK2 mutant iPSC-derived DA 
neurons demonstrate increased susceptibility to 
oxidative stress. Cell Stem Cell. 2011;8(3):267–280.

 40. Driver JA, Logroscino G, Gaziano JM, Kurth 
T. Incidence and remaining lifetime risk of 
Parkinson disease in advanced age. Neurology. 
2009;72(5):432–438.

 41. Goetz CG, et al. Movement Disorder Society- 
sponsored revision of the Unified Parkinson’s 
Disease Rating Scale (MDS-UPDRS): scale 
presentation and clinimetric testing results. Mov 
Disord. 2008;23(15):2129–2170.

 42. Wang S, et al. Insulin and mTOR pathway regu-
late HDAC3-mediated deacetylation and activa-
tion of PGK1. PLoS Biol. 2015;13(9):e1002243.

 43. Zanon A, Pramstaller PP, Hicks AA, Pichler I. 
Environmental and genetic variables influencing 
mitochondrial health and Parkinson’s disease 
penetrance. Parkinsons Dis. 2018;2018:8684906.

 44. Patel A, et al. ATP as a biological hydrotrope. Sci-
ence. 2017;356(6339):753–756.

 45. Hayes MH, Peuchen EH, Dovichi NJ, Weeks DL. 
Dual roles for ATP in the regulation of phase 
separated protein aggregates in Xenopus oocyte 
nucleoli. Elife. 2018;7:e35224.

 46. Dawson TM, Golde TE, Lagier-Tourenne C. Ani-
mal models of neurodegenerative diseases. Nat 
Neurosci. 2018;21(10):1370–1379.

 47. Dong Z, Wang Z, Yang K, Liu Y, Gao W, Chen W. 
Tamsulosin versus terazosin for benign prostatic 
hyperplasia: a systematic review. Syst Biol Reprod 
Med. 2009;55(4):129–136.

 48. Kirk JK, Konen JC, Shihabi Z, Rocco MV, Sum-
merson JH. Effects of terazosin on glycemic 
control, cholesterol, and microalbuminuria 
in patients with non–insulin-dependent dia-
betes mellitus and hypertension. Am J Ther. 
1996;3(9):616–621.

 49. Shionoiri H, et al. Long-term therapy with tera-
zosin may improve glucose and lipid metabolism 
in hypertensives: a multicenter prospective 
study. Am J Med Sci. 1994;307(Suppl 1):S91–S95.

 50. Boyda HN, Procyshyn RM, Pang CC, Barr AM. 
Peripheral adrenoceptors: the impetus behind 
glucose dysregulation and insulin resistance.  
J Neuroendocrinol. 2013;25(3):217–228.

 51. Sakaue S, et al. Early-onset parkinsonism in a 
pedigree with phosphoglycerate kinase deficien-
cy and a heterozygous carrier: do PGK-1 muta-
tions contribute to vulnerability to parkinsonism? 
NPJ Parkinsons Dis. 2017;3:13.

 52. Sotiriou E, Greene P, Krishna S, Hirano M, 
DiMauro S. Myopathy and parkinsonism in phos-
phoglycerate kinase deficiency. Muscle Nerve. 
2010;41(5):707–710.

 53. Wooten GF, Currie LJ, Bovbjerg VE, Lee JK, 
Patrie J. Are men at greater risk for Parkinson’s 
disease than women? J Neurol Neurosurg Psychia-
try. 2004;75(4):637–639.

 54. Yao J, Irwin RW, Zhao L, Nilsen J, Hamilton RT, 
Brinton RD. Mitochondrial bioenergetic deficit 
precedes Alzheimer’s pathology in female mouse 
model of Alzheimer’s disease. Proc Natl Acad Sci 
U S A. 2009;106(34):14670–14675.




	IFC_COVER
	Fernandez-Carasa PhD memoria firmada (1)

