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RESUM. 
La malaltia de Parkinson (MP) és un desordre neurodegeneratiu incurable, principalment 
caracteritzat per la pèrdua progressiva de neurones dopaminèrgiques (DA) del mesencèfal, 
localitzades a la substancia nigra pars compacta (SNpc), i freqüentment acompanyat per la 
formació d’agregats proteics citosòlics insolubles en les neurones supervivents residuals, 
coneguts com a cossos de Lewy. La progressiva denervació dels terminals dopaminèrgics que 
projecten als ganglis basals i l’estriat causa una manca d’alliberament i ús de dopamina, 
provocant com a conseqüència una progressiva manifestació de dèficits motors, que acaben 
conduïnt a la invalidesa i mort prematura. 
Actualment, la MP només es pot tractar amb teràpies simptomàtiques que compensen 
eficientment les deficiències locomotores durant un període al voltant dels 5 anys. No obstant, 
les teràpies existents no permeten curar ni aturar la progressió de la malaltia. La manca de 
models animals i cel·lulars adequats podrien explicar el coneixement fragmentari dels 
mecanismes patològics que condueixen a la MP, i posa en relleu la necessitat urgent de 
desenvolupar models experimentals fiables que puguin recapitular les principals 
característiques d’aquest trastorn. L’ús de cèl·lules mare amb pluripotència induïda (iPSC) 
ofereix una oportunitat sense precedents per a modelar malalties humanes, ja que poden ser 
generades a partir de pacients i diferenciades en tipus cel·lulars rellevants de la malaltia. 
Recentment, s’han descrit models basats en iPSC humanes per a l’estudi de la MP. Neurones 
derivades de iPSC provinents de pacients amb MP familiar i esporàdica recapitulen fenotips 
humans específics de la malaltia in vitro, com ara l’acumulació anormal d’α-sinucleïna, i 
alteracions en la maquinària de l’autofàgia. 
En aquesta tesi doctoral s’ha investigat l’efecte neuroprotectiu de diferents compostos, incloent 
el factor neurotròfic GDNF, en el cultiu in vitro de neurones DA derivades de iPSC de pacients 
amb la mutació familiar G2019S al gen lrrk2 (LRRK2-PD), i pacients esporàdics (ID-PD). 
Curiosament, s’ha trobat que sis setmanes després del tractament amb el GDNF, el nivell 
d’arborització dendrítica de les neurones DA derivades de LRRK2-PD i ID-PD-iPSC augmentà 
fins als nivells normals trobats en les neurones DA derivades d’individus control (Ctrl-iPSC). En 
comparació amb els cultius neuronals DA derivats de PD-iPSC sense el tractament, els efectes 
neuroprotectius estaven associats a una disminució en el número de neurones apoptòtiques, i a 
l’activació de vies de supervivència cel·lular, riu avall del complex receptor del GDNF 
GFR1α/RET, així com també la reducció de vesícules autofàgiques. A més, s’ha trobat que el 
GDNF és, en part, un requisit per a una correcta supervivència neuronal sistèmica en aquest 
model. Concretament, els nivells de GDNF a llarg temps de cultiu es troben dos vegades 
disminuïts tant en els cultius DA de ID-PD com els de LRRK2-PD, en comparació amb els 
nivells de les Ctrl. En conclusió, els nostres resultats demostren que les cèl·lules neuronals 
derivades de iPSC són models valuosos per a mesurar respostes a teràpies neuroprotectives, i 
per tant poden ajudar a identificar nous fàrmacs potencials, fomentant així el desenvolupament 
de tractaments per a la MP. La secreció diferencial de factors de supervivència dins del cultiu 
també destaca l’importància de l’ús d’aquesta tecnologia per a l’estudi de la contribució d’altres 
tipus neurals en la patogènesis de la MP. 
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ABSTRACT. 
Parkinson’s disease (PD) is an incurable neurodegenerative disorder, mainly characterized by a 
progressive loss of midbrain dopaminergic (DA) neurons, located in the substantia nigra pars 
compacta (SNpc), and frequently accompanied by the formation of insoluble cytosolic protein 
aggregates in the remaining surviving neurons, known as Lewy bodies. The progressive 
denervation of DA terminals that project to the basal ganglia striatum causes a lack of DA 
uptaking, and consequently a progressive manifestation of debilitating motor deficits, that leads 
to premature invalidity and death. 
To date, only symptomatic therapies can compensate efficiently the locomotor deficiencies over 
a period of 5 years, however they do not cure or halt disease progression. A lack of suitable 
animal and cellular models might explain the fragmentary knowledge of the pathogenic 
mechanisms leading to PD, and highlights the urgent need for developing reliable experimental 
models that can recapitulate the key features of this disorder. The utilization of induced 
pluripotent stem cells (iPSC) offers an unprecedented opportunity to model human diseases, 
since they can be generated from patients and differentiated into disease-relevant cell types, 
such as neurons. Recently, human iPSC-based models of PD have been described. iPSC-
derived neurons from patients with familial and sporadic PD recapitulate human disease 
phenotypes such as abnormal α-synuclein accumulation in vitro, and alterations in the 
autophagy machinery. 
Here, we investigated the neuroprotective effect of several compounds, including the 
neurotrophic factor GDNF, in culture of iPSC-derived midbrain dopaminergic neurons from 
patients with a LRKK2 mutation or sporadic patients. Interestingly, we found that six weeks after 
GDNF treatment, the level of dendritic arborisation from DA neurons derived from ID-PD and 
LRRK2-PD-iPSC increased to normal levels found in Ctrl-iPSC derived DA neurons. The 
neuroprotective effects were associated to a decrease in the number of apoptotic cells, and to a 
GFR1α/RET downstream activation of cell survival pathways, as well as reduction of 
autophagosome vesicles, compared to the untreated PD-iPSC derived DA neurons. 
Additionally, we found that GDNF is, in part, a requirement for a properly systemic neuronal 
survival in this model, since levels of GDNF were found twice decreased within long-term DAn 
cultures derived from both ID-PD and LRRK2-PD, when compared to CTL. In conclusion, our 
data demonstrate that iPSC-derived neuronal cells are valuable models for measuring 
responses to neuroprotective therapies and they may help to identify potential new drugs, thus 
furthering the development of treatments for PD. The differential secretion of survival factors 
within the culture also highlights the importance of using this technology for studying the 
contribution of other neural cell types in the onset of PD. 
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1. INTRODUCTION 

1.1. Parkinson's Disease (PD). 
When in 1817, the British physician James Parkinson wrote his monograph Essay on the 
Shaking Palsy, he hoped that he would persuade the scientific community that he had 
described an unrecognized disorder. Nevertheless, it was the father of neurology Jean Martin 
Charcot who named this disease in his honour as maladie de Parkinson (Parkinson's disease). 
To date, the main cause of Parkinson’s disease (PD) remains as elusive as when it was first 
described, and a single cause has not been found and is unlikely to emerge. 
Parkinson's disease is the second most common neurodegenerative disease after Alzheimer's, 
and it is characterized by a region-specific selective loss of dopaminergic (DA), neuromelanin-
containing neurons from the substantia nigra pars compacta (SNpc), which connects with the 
caudate putamen through the nigrostriatal pathway. Therefore, there is a lack of DA uptaking 
primarily in the putamen that results in a progressive disruption of debilitating motor deficits 
(also known as "parkinsonism"), such as tremor, limb rigidity and slowness of movements 
(bradykinesia). Moreover, non-motor features, such as olfactory deficits, cognitive decline, 
depression, and disturbed sleep are also present in later stages of the disease [1–3]. Given that 
DA release in the caudate putamen is compromised, efforts of pharmacological substitution with 
dopamine agonists and anti-cholinergics, or Deep Brain Stimulation (DBS) were found to be 
successful treatments to reduce PD symptoms associated with motor impairment. These 
current symptomatic therapies can compensate efficiently the motor deficits over the first 5 
years. However, they do not cure or halt disease progression. Furthermore, severe side effects 
over the years reduce overall medication efficacy [4]. The lack of a reliable treatment that can 
permit the cure of the disease remains still elusive. 
 
The incidence of the disease rises prominently with age, with a prevalence of 1% at age of 65 
and around 5% by the age of 85 [5]. Between 30-50% of DA neurons are lost during the first 
year of PD diagnosis, and this percentage increases dramatically after the following 4 years, 
reaching almost the 90% of them lost [6]. The fact that the disease is slowly progressive and 
changes in the behaviour are rarely noticed by the patient, a lag of 2-3 years from the first 
symptoms to diagnosis is frequent [1]. The mean duration of the disease is an average of 15 
years, with a mortality ratio of 2 to 1 in the affected subjects. Due to an increased life 
expectancy of the Western world population, the prevalence of PD is anticipated to expand 
tragically and thus becoming an important part of the economic burden to the public health 
systems [7].  
Approximately 90%–95% of all PD cases are sporadic with no family history. Although disease 
onset and age are highly correlated, PD occurs when complex mechanisms such as 
mitochondrial activity, autophagy, kinase signalling pathways or degradation via proteasome are 
deregulated by environmental influence or PD-specific mutation susceptibility. On the other 
hand, significant advances in understanding the mechanisms of disease pathogenesis have 
been made in the past two decades with the identification of distinct genetic loci at which 
pathogenic mutations are associated with parkinsonism, although these mutations only account 
for 5-10% of PD patients with family history [8]. 
 
1.1.1. Neuropathological features of Parkinson's Disease. 
The main pathological hallmarks of PD include the progressive preferential loss of striatal-
projecting DA neurons of the substantia nigra pars compacta (SNpc), and the presence of 
intraneuronal accumulation of insoluble proteins and protein fragments, known as Lewy Bodies 
(LB) in the remaining surviving neurons [9]. 
From SNpc, DA neurons project through the striatum, primarily to the putamen and secondly to 
the caudate. These DA neurons are of A9 subtype [10], characterized by strong neuromelanin 
pigmentation, and are responsible for the release of dopamine in the striatum to regulate the 
basal ganglia by means of mostly motor, but also associative and limbic domains. In PD, the 
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loss of A9-subtype DA neurons, displayed by a SNpc neuromelanin depigmentation [11], 
causes a progressive dysfunctionality in the motor circuitry of the basal ganglia (Fig. 1). In the 
onset of the disease, when the symptoms are already unequivocally, putamenal DA is depleted 
around 80%, and almost 50% of the DA neurons have already been lost. More important, the 
degree of terminal loss in the striatum appears to be more pronounced than the magnitude of 
the DA neuron loss in the SNpc. Striatal dopaminergic nerve terminals are the primary target of 
the degenerative process, therefore neuronal death in PD may result from a “dying back” 
process [9]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Schematic representation of the nigrostriatal pathway in the human brain. 
In normal healthy brain, the nigrostriatal pathway is composed of A9 dopaminergic neurons whose cell bodies are 
located in the SNpc. Their processes project to the basal ganglia and synapse in the striatum, specifically in the 
putamen and caudate nucleus. In a PD brain, the nigrostriatal pathway degeneration is the consequence of a marked 
loss of A9 DA neurons that project to the putamen and a in a less extent in the caudate. (Extracted from 
http://stemcells.nih.gov/info/scireport/pages/chapter8.aspx) 
 
Neuronal loss is typically accompanied by the presence of Lewy bodies (LB) and Lewy neurites 
(LN) in the substantia nigra, although they are also found in other brain regions of the central 
nervous system (CNS) [12]. LB are usually found as eosinophilic, intra-cytoplasmic inclusions, 
about 5-25 µm in diameter, with a dense central core, sorrounded by a clearer halo [9]. 
Ultrastructurally, its organization consists of a composition of a dense core of filamentous and 
granular material that is surrounded by radially oriented filaments (Fig. 2). Specifically, an 
abnormal, post-translationally modified, and aggregated form of the presynaptic protein α-
synuclein is the major fibrillar component of LB and LN, among other numerous proteins, such 
as ubitiquin, Parkin and neurofilaments [13]. LB are not specific of PD, in fact, abundant LB and 
LN are found in the cerebral cortex in people with advanced age, and also in patients with 
"idiopathic dementia with Lewy Bodies" (DLB), a common late-life dementia that is clinically 
similar to Alzheimer's disease [14]. 
 
The loss of the nigrostriatal processes and subsequently loss of DA neurons in the SNpc results 
in a striatal dopamine deficiency which in turn leads to a cascade of dysfunctional events in the 
basal ganglia circuitry, and results in the development of the cardinal features of PD [15]. The 
basal ganglia (or basal nuclei) is a cluster of deep nuclei that includes the striatum, the SNpc 
and SN pars reticulate (SNpr), the globus pallidus pars interna (GPi) and pars externa (GPe), 
and the subthalamic nucleus (STN). 
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Figure 2.  Histological cuts of postmortem PD brain’s patients, showing Lewy bodies and 
Lewy neurites. A) Hematoxylin and eosin staining of Lewy Body (arrows) within a pigmented A9 DA neuron, 
showing the characteristic dense core surrounded by a more translucent halo. B) α-synuclein staining of a Lewy body 
(left arrow) and a Lewy neurite (right arrow) (2A Extracted from https://quizlet.com/80824024/nbme-neuro-flash-cards/ 
and 2B Extracted from Olanow and Brundin, 2013 [16]) 
 
Components of the basal ganglia are intimately connected with the thalamus and the cortical 
motor areas, through several segregated but parallel loops, that include not only motor, but also 
associative, and limbic domains. In the mid-1980s the description of a basal ganglia circuitry 
model reinforced the association between the basal ganglia and the abnormal movements 
events in PD [17].  
In a normal state, the striatum receives cortical excitatory input and projects to output neurons 
in the monosynaptic GABAergic pathway (putamen-GPi), also known as the "direct" pathway, 
and in the polysynaptic "indirect" pathway (putamen-GPe-STN-GPi/SNpr). Dopamine is thought 
to excite D1 expressing neurons that comprise the "direct" pathway and project to GPi/SNpr, 
whereas it also inhibits neuronal activity of D2-bearing striatal neurons that comprise the 
"indirect" pathway, which project to the GPe. Besides, the STN is also activated by an excitatory 
projection from the cortex, called the hyperdirect pathway. In summary, activation of the "direct" 
pathway implies movement facilitation, whereas activation of the "indirect" pathway suppresses 
movements. However, in PD, when neuronal degeneration occurs in the SNpc and dopamine 
striatal depletion fall below 50-80%, respectively, the striatal physiology is disrupted, leading to 
an increased activity of the “indirect” pathway and an abnormal reduced activity of the “direct” 
pathway [18] (Fig. 3). These changes are thought to provoke the parkinsonian syndrome, 
characterized by the difficulty in making precise movement selection and execution (akinesia 
and bradikinesia), and are also tipically associated with increased muscle tone (rigidity), which 
can also be accompanied by tremor at rest. 
Therefore, the classical model of the basal ganglia has provided a conceptual framework for 
better understanding the pathophysiology of PD, and other movement disorders. Indeed, it had 
a paramount role in revitalizing functional surgery such as Deep Brain Stimulation in PD 
patients and, for example, in defining the STN as a target [15].  
 
1.1.2. The Clinical Prodrome. 
As aforementioned, motor manifestations stem for the loss of DA neurons in the SNpc. 
However, certain non-motor features seem to precede the typical parkinsonism of PD, and are 
thought to be the result from the spreading of the pathology from the basal ganglia to other 
brain systems. These non-motor features include hyposmia, sleep disorders, dysautonomia, 
and neuropsychiatric disorders, such as depression, anxiety and apathy. In addition, patients in 
advanced stages of PD can suffer of dementia [19–21]. The clinically silent window between the 
non-motor molecular prodrome and the beginning of the first motor symptoms could last for 
decades, and probably varies from one patient to another, and this, together with a lag of 2-3 
years in the clinical detection of the motor symptoms, makes the diagnostic a confounding 
challenge yet to be resolved. 
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Figure 3. Scheme of the physiological model of the basal ganglia motor circuit. 
Red arrows indicate inhibitory GABA-ergic projections, green arrows represent excitatory glutamatergic projections, and 
black arrows indicate dopaminergic innervation. The thickness of the arrows indicates the degree of activation of each 
projection. A) In the normal state, the striatum receives cortical excitatory input and projects to output neurons in the 
GPi through a direct pathway, and by a polysynaptic indirect pathway via the GPe and the STN. Dopamine is thought to 
inhibit neuronal activity in the indirect pathway and to excite neurons in the direct pathway. B) In the parkinsonian state, 
striatal physiology is disrupted. Dopamine D1 receptor-expressing striatal neurons in the direct pathway become 
hypoactive, whereas dopamine D2 receptor-bearing striatal neurons in the indirect pathway are hyperactive. The latter 
response leads to increased inhibition of the GPe, and disinhibition of the STN. Overactivity in STN neurons and 
reduced inhibition in the direct pathway provokes excessive excitation of neurons in the GPi and overinhibition of 
thalamocortical and brainstem motor centres, resulting in parkinsonism (From Obeso et al., 2014 [18]). 
 
The clinical evolution of the prodromal non-motor features of PD might to some degree be 
explained by the proposal made by Braak and colleagues in 2003, about an ascending LB 
formation across the brain [22]. Based on studies of a large series of postmortem PD brains, 
they suggested a prion-like disease mechanism progression of α-synuclein accumulation from 
preclinical to symptomatic, and subsequently to an advanced disease stage, that spreads not 
randomly along axonal pathways interconnecting vulnerable brain regions in a constant pattern 
that they subdivided into six different stages. Summarizing, α-syn spreading it starts in the 
enteric and olfactory nervous system, followed by alterations in the brainstem, reaching the 
midbrain nigrostriatal DA neurons (third stage) that would start to degenerate, affecting finally 
the forebrain neurons that would suffer degeneration. This concept of premotor PD is gaining 
support, and even other several research groups have confirmed this staging pattern [23], 
although this is not applicable at least in 10% of PD cases, due to disease variants, which can 
be difficult to characterize [20]. However, about 10% of people older than 60 years of age who 
have died without evidence of neurological disease, LB are present in the brain, and despite 
being diagnosed with LB pathology, probably they were undergoing a presymptomatic early 
phase of PD that had not been detected yet [1]. This evidence suggests that the risk of 
developing PD could be ten times more, and the importance of an early diagnostic could 
determine a better treatment for these patients, who would be able to receive protective 
treatments instead of treating the motor symptoms. 
 

1.2. Etiology of Parkinson's Disease 
There are two main forms of PD: sporadic PD, which represents the majority of PD cases, and 
familial PD, accounting for 5-10% of PD cases [24]. Approximately 90- 95 % of all PD cases are 
sporadic with no known genetic mutation, most likely resulting from complex interactions among 
gene susceptibility and environmental factors. The most consistent risk factor associated to the 
development of the disease is aging, which has been interpreted as leading to the accumulation 
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of unrepaired cellular damage and to the failure compensatory mechanisms such as 
mitochondrial activity, autophagy or degradation via proteasome [8]. Other factors have been 
associated to the risk of developing PD such as exposure to toxins or chemicals. However no 
environmental cause of PD has yet been proven conclusively. 
Studies of rare large families showing classical Mendelian inherited PD have allowed the 
identification of specific genes, the mutation of which is associated with increased risk of 
suffering PD, and recent genome-wide association studies (GWAS) have established additional 
susceptibility loci. The two genes associated to autosomal dominant PD are the Leucine-rich 
repeat kinase-2 (LRRK2) gene and the gene encoding α-syn (SNCA), while mutations in Parkin, 
DJ-1, PINK1, and ATP13A2 genes, cause early-onset parkinsonism [24], characterized by more 
atypical features of PD. In view of the known function of these proteins, especial attention has 
been drawn to the roles of mitochondrial dysfunction and oxidative stress in PD. However, the 
immediate cause(s) of neuronal cell death in any and all forms of PD are as yet undefined. 
Although mutations in the PD-associated genes account for small number of PD cases, there is 
evidence that these genes may also contribute to the sporadic forms of the disease as well. For 
example, mutations in the LRRK2 gene are not only found in patients of autosomal dominant 
late-onset PD [26-27], but also in numerous cases of late-onset sporadic PD [25]. Therefore, it 
has been postulated that PD may result from a genetic mutation or a genetic predisposition to 
an environmental factor, or a combination of susceptibility genes that increases the risk of the 
disease [8,24]. This may represent the existence of different pathogenic mechanisms that 
converge on one or more common signaling pathways central to the loss of DAn, leading to the 
manifestation of clinical PD. 
 
1.2.1. Risk Factors. 
Aging is the strongest risk factor for development Parkinson's disease, although 10% of people 
with the disease are younger than 45 years of age. The mean age at onset is at 55, and the 
incidence increases markedly with age, from 20/100,000 overall to 120/100000 at age 70, with a 
lifetime risk of developing the disease of 1,5%. The incidence tends to decrease in the ninth 
decade of life, although the lecture of these observations could be artefactual or related to 
underdiagnosis of elderly people of that age [9].  
Ageing has been described to actively lead to the accumulation of unrepaired cellular damage 
due to a progressive failure of compensatory mechanisms such as mitochondrial activity, 
autophagy or decreased proteasome activity [9]. Indeed, Collier and colleagues studied the 
effect on aging in non-human primates, by analyzing typical traits of PD patients, such as the 
presence of neurochemical and morphological changes in DA neurons in the brain of rhesus 
monkeys from different ages. The authors observed a decreased TH expression in the 
substantia nigra of aged monkeys, and this was associated with increased α-synuclein staining, 
and the presence of ubiquitin-positive inclusions, diminished lysosome activity, as well as 
excessive oxidative and nitrative damage, and a mild increased inflammation [26]. Moreover, 
DA neurons in the substantia nigra (A9) were more vulnerable to this age-associated 
degeneration than DA neurons in the ventral tegmental area (A10). From these observations 
they concluded that these age-related changes could be responsible for PD-associated 
changes in the nigrostriatal system and that, although being milder when compared to PD 
patients, ageing induces a pre-parkinsonian condition. How these cellular mechanisms of 
dopamine neuron demise during normal aging are accelerated or exaggerated in Parkinson's 
disease remains still not clear. Collier and colleagues hypothesized that the combination of a 
specific genetic contribution, environmental factors together with other unknown accelerants  
(prenatal infections, cellular predispositions, unknown factors), may alter the normal course of 
age-related dopamine neuron dysfunction that would eventually trigger the onset of PD 
phenotypes. 
On the other hand, only some of the brain regions appear to be particularly vulnerable, while the 
majority of them do not degenerate and remain perfectly functional. In particular, hippocampus, 
putamen, hypothalamus or nucleus basalis of Meynert remain almost completely intact over 
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time. Others, like the neocortex, lose an average 10% of the total number of neurons throughout 
life. However, ventral tegmental area (VTA), retrorubral area and the SN are particularly 
sensitive to the aging process. Remarkably, all these regions mainly use DA for 
neurotransmission, which hints at a possible link between DA and a higher sensitivity to age-
related degeneration [27]. 
 
Gender is another risk factor for suffering PD. Epidemiological studies have shown that both 
incidence and prevalence of PD have a female-to-male ratio of 1: 1.5-2, with a mean of 2.2 
years older of age at onset in women compared with men, and also with a more benign form of 
the disease [1]. In fact, Haaxma and colleagues did a epidemiologic study in which differences 
in the onset of the disease between women were due two different issues: first, women have a 
higher initial striatal dopamine levels compared to men, that could delay the onset of the motor 
symptoms; secondly, later menopause and a longer fertile life span delayed the age at onset 
due to increased levels of oestrogen [28]. How oestrogen plays a role on neuroprotection is still 
unknown and in controversy, although oestrogen levels have been associated with increased 
presence of dopamine transporters and higher striatal dopamine concentrations. However, a 
longer fertile life span has also been linked with iron loss during menses and pregnancies, 
which in turn could suggest less presence of oxidative processes in the nigrostriatal systems 
due to the lack of iron, thus conferring indirect protection against oxidative stress by this 
hormone. Nevertheless, when disease progression is already ongoing no differences between 
gender are found, therefore oestrogens may have a mild role on neuroprotection in the 
preclinical stage, a no role when symptoms become clinically apparent [28]. 
On the other hand, other epidemiological studies have associated different habits and lifestyles 
with reduced risk of suffering PD, which includes diets high in uric acid, high levels of physical 
activity during midlife, cigarette smoking, and consumption of large amounts of caffeine. 
However, some of these findings could be more related to dopamine's role in reward pathways, 
rather than to any neuroprotective effect of nicotine or caffeine, and even there are studies that 
have shown inverse associations in some cases [29,30]. 
 
Given that around 90% of PD patients the disease is sporadic, many studies have been focused 
on the identification of environmental factors that could contribute to PD. For example, rural 
living together with exposure to herbicides and insecticides such as paraquat, MPTP or 
rotenone, and also heavy metals including manganese and iron, have been described to cause 
a parkinsonism picture. However, no other environmental substance has been associated with 
conclusive evidence to PD. In fact, PD is neither associated to race or creed, and there is 
literary and historical precedents of the disease, before the publication of James Parkinson's 
"Shaking Palsy" monograph, that make exclude PD as a post-industrial condition [1].  
 
1.2.2. The Genetic contribution to Parkinson's disease 
Studies of rare large families showing classical Mendelian inherited PD have allowed for the 
identification of 11 genes out of 16 identified disease loci, some of them are autosomal 
dominant forms (SNCA, LRRK2) and others are recessive (PARK2, PINK1, DJ-1) (Table 1). 
These genes have been identified, showing that mitochondrial or lysosomal dysfunctions, 
protein aggregation, the ubiquitin-proteasome system, and kinase signaling pathways all play a 
major role in the pathogenesis of PD. Moreover, recent genome-wide association studies 
(GWAS) have been helpful for identifying loci at which common genetic variants increase risk of 
developing apparently sporadic disease [24]. Altogether, this may represent the existence of 
different pathogenic mechanisms that can converge on one or more common pathways 
regarding the loss of DA neurons, and leading to the onset of the clinical manifestation of the 
disease. In addition, the lack of a family history that can appear in some dominant monogenic 
mutations can occur for multiple reasons, being early death as the most common event prior to 
the observation of the disease, a loss of follow up, and, more important, reduced penetrance 
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that can occur by positive influence of the environment or due to unidentified dominant de novo 
mutations that can compensate the effect of the others [8]. 
The elucidation of different genetic components has given rise to a multitude of cell and animal 
models enabling the dissection of molecular pathways involved in disease etiology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Summary of PD-associated familial loci and genes 
(from Martin et al., 2011). 
 
a) Autosomal dominant forms of PD 
So far at least two genes, SNCA and LRRK2, have been clearly shown to cause autosomal 
dominant PD, with an overall mutation frequency of ~5%. The pathogenic role of other dominant 
genes in PD, such as UCHL1, GIGYF2, HTRA2, is still controversial. 
 
α-Synuclein (SNCA)  
α-Synuclein is a small protein of 140 aminoacids (14 kDa), encoded by the SNCA gene, and it 
is expressed constitutively within the vertebrates brain. α-Synuclein is a member of a three 
synuclein family (α, β, γ). Although a considerable sequence homology exists between the three 
members of the synuclein family, what it makes α-synuclein unique is that it contains three 
differentiated domains: first, an acidic COOH-terminal region; second, seven imperfect repeats 
(KTKEGV) localized in the NH2 terminus, which form an amphipathic α-helical domain, where 
the protein specifically associates with the lipid rafts on the membrane; and third, a highly 
amyloidogenic domain located in the midregion (NAC domain) which, by itself, has a high 
propensity to aggregate (Fig. 4). 
 
Little is known about its biological function, although its localization in the presynaptic nerve 
terminals strongly suggests a role in the vesicle trafficking during neurotransmission release 
[31]. In fact, mouse models, either lacking or overexpressing α-synuclein, have shown abnormal 
changes in synaptic vesicle recycling and mobilization [32,33]. It is known that in healthy 
conditions α-synuclein adopts defined conformations to function in cells, and its alpha-helical 
rich conformations have been observed to associate with the lipid rafts on the membrane [34]. 
On the other hand, in the brain of PD patients, α-synuclein has an increased tendency to 
aggregate, and adopt different conformations initially from monomeric to β-sheet-rich structure 
forms, and ultimately oligomeric forms organized as protofibrils that can undergo to insoluble 
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polymers [24]. Moreover, aging may contribute to α-synuclein toxicity by age-related 
accumulation of oxidative and nitrative α-synuclein modifications [35]. The identification of the 
SNCA locus led to the important discovery that α-synuclein is the major fibrillar component of 
the Lewy bodies and Lewy neurites [13]. Nevertheless, a widely accepted hypothesis for α-
synuclein toxicity proposes that protofibrils of α-syn are cytotoxic, whereas the LB fibrillar 
aggregates could represent a cytoprotective mechanism in PD [36]. 
 
 
 
 
 
 
 
Figure 4. Schematic representation of the domains that constitute the protein α-
synuclein. 
Three missense mutations are represented above the protein organization. Moreover, duplications and triplications of 
different genomic sizes have been also reported (from Martin et al., 2011 [8]). 
 
Two kind of genetic anomalies regarding SNCA have been described: point missense mutations 
that cause different variations of the protein, and multiplications of the entire locus, specifically 
duplications and triplications that provoke an overexpression of the wild-type protein. Only three 
point mutations have been identified: A53T, A30P and E46K, being the first the most common 
[8] (Fig. 4). Patients carrying the A53T mutation can present between a mild to a more sever 
phenotype, thus implying the existence of other factors that can modulate the phenotype. In 
patients carrying the A30P they present a similar idiopathic PD, and it has been shown that this 
mutation is associated with a reduced affinity to bind lipid rafts from the membrane, thus 
increasing the intracellular protein pool and thus potentiating its natural tendency to form 
aggregates. Patients carrying the E46K mutation manifests an early-age onset characterized by 
a sever parkinsonism and a diffuse Lewy body dementia. 
On the other hand, numerous studies have linked familial PD with duplications and triplications 
in the SNCA (Fig. 4) [24]. In fact, the severity of the phenotype appears to be strongly 
correlated on the dosage of the SNCA gene. Whereas SNCA duplications are more associated 
with a typical late-onset PD phenotype, triplication of the same genomic region is more related 
to early-onset PD with dementia. The higher intracellular amount of this protein, caused by 
duplications and triplications, is thought to accelerate the formation of oligomers first and fibrillar 
aggregates later. So far, it has been proposed that PD, parkinsonism with dementia, and 
dementia with LB are causally related, and for this reason they have been grouped under the 
term of synucleinopathy disorders [37]. In addition, a link between sporadic PD and SNCA gene 
expression is supported by evidence of reduced epigenetic silencing of SNCA [38], and also 
SNCA promoter region polymorphisms that might increase its expression [39]. 
 
Leucine-rich repeat kinase 2 (LRRK2) 
LRRK2 is a large protein that is ubiquitously and constitutively expressed in many organs and 
tissues. Although LRRK2 is present in brain regions relevant to the neuropathology of PD, its 
expression in A9 DA neurons is not particularly high [40]. LRRK2 is localized throughout the 
soma and dendritic processes of neurons. Little is known about the normal physiological 
functions of LRRK2, despite cell and animal models implicate it in a diverse array of functions, 
including mRNA translation, synaptogenesis, vesicular trafficking, autophagy, microtubule, and 
cytoskeletal network. This is not particularly surprising given its widespread distribution and 
broad interaction with different subcellular components, such as vesicular and membranous 
structures, the microtubule network, mitochondria, as well as other membranous-bound 
organelles [41]. 
The LRRK2 gene consists of a genomic region of 144 kb, with 51 exons, encoding an unusually 
large 2,527 amino-acid multi-domain protein. LRRK2 contains three potential protein-protein 
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interaction domains that surrounds the central catalytic core, which include ankyrin repeats 
(ANK), armadillo repeat folds (ARM), leucine-rich repeats (LRR) and WD40 repeats, suggesting 
that LRRK2 is thought to serve as a scaffold for assembly of multiprotein signalling complexes. 
However, additional research is needed to identify the in vivo LRRK2 substrates relevant to PD. 
Moreover, what makes LRRK2 distinct from other proteins is that it singularly comprises two 
enzymes within a single polypeptide chain: a Roc GTPase domain followed by its associated C 
terminal of Roc (COR) domain, and a kinase domain of the tyrosine kinase-like (TKL) subfamily, 
homologous to other mitogen-activated protein kinase kinase kinase (MAPKKK) (Fig. 5) [8]. 
 
 
 
 
 
 
 
 
 

Figure 5. Schematic representation of the LRRK2 gene and protein. 
Several mutations in LRRK2 are known to be related with familial PD (from Martin et al., 2011 [8]). 
 
The presence of both enzyme domains in the same protein has led to the hypothesis that 
LRRK2 may act as a cell signalling protein, although its intracellular functions are subject of 
intensive research indeed. In both primary cortical cells and rodent models, LRRK2 has been 
demonstrated to regulate neurite outgrowth in developing neurons, as knockout of endogenous 
LRRK2 in mouse neurons results in elongation of neuronal processes, and in neurons that 
express different pathogenic LRRK2 variants display reduced neurite process length and 
complexity [42]. Moreover, LRRK2 has been suggested to regulate protein translation through 
two different mechanisms: first, LRRK2 interacts genetically and physically with the eukaryotic 
translation initiation factor 4E-binding protein (4E-BP) by phosphorylating it, thus disrupting its 
binding to the eukaryotic translation initiation 4E (eIF4E), which could impact mitochondrial 
function and possibly neuronal viability [43]. Second, other studies reported that pathogenic 
LRRK2 impacts mRNA translation through negatively regulating miRNA activity [44]. 
 
LRRK2 mutations are the most common genetic cause of PD, and are found in patients with 
typical late-onset familial and sporadic PD [8]. PD directly attributable to LRRK2 mutations is 
typically indistinguishable from sporadic PD cases, potentially indicating common pathogenic 
pathways. Nearly 80 variants of LRRK2 gene are associated with PD so far, and most of them 
represent missense mutations. However, only seven are considered to be pathogenic and are 
segregated in a Mendelenian fashion. PD-causing mutations are mainly concentrated to the 
enzymatic GTPase (N1437H, R1441G/C/H), COR (Y1699C), and kinase domains (G2019S and 
I2020T) (Fig. 5). 
In particular, G2019S mutation at the conserved Mg++-binding motif in the kinase domain is the 
most common genetic cause of PD. This mutation explains 1% of patients with sporadic PD, 
and 4% of patients with hereditary PD worldwide. In fact, the clinical phenotype of patients 
carrying this mutation is remarkably uniform, and undistinguishable from those patients with 
sporadic PD, characterized by a slow progression, Lewy pathology, and with a good response 
with DA treatments [45]. In contrast, in some cases, patients with LRRK2 mutations (R1441C, 
Y1699C, I2020T) other than G2019S frequently do not have Lewy body pathology, but can 
exhibit neurofibrillary tau tangles [46]. On the other hand, The G2019S can also be found in 
unaffected people. In fact, the penetrance of LRRK2 mutations in PD is generally incomplete, 
thus suggesting the importance of gene-environment interactions, or genetic background that 
can modulate the penetrance of a given LRRK2 mutation [24]. 
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Recent studies support that most of the LRRK2 mutations are caused by an increase in LRRK2 
kinase activity and a decrease in GTPase activity for kinase domain and Roc-COR mutations, 
respectively, thus inducing cell toxicity and death [47]. In fact, accumulating evidence has 
described an influence of the GTPase domain on LRRK2 kinase activity, although it is not clear 
if its effect is mediated either by LRRK2 self-regulation (autophosphorylation of the Roc 
domain), via phosphorylation of exogenous substrates that affect GTPase activity such as 
ArfGAP1, or a combination of both [25]. Therefore, a decrease in hydrolysis of GTP to GDP may 
cause a permanent activity of the kinase domain, thus suggesting a common biochemical effect 
of both kinase domain and Roc domain mutations in the kinase activity. In particularly, I2020T 
LRRK2 mutations has been described to increase its kinase activity through stabilization of the 
active-state conformation, and increased rate of phosphoryl transfer [48]. Moreover, G2019S 
mutation increases LRRK2 kinase activity, both autophosphorylation and phosphorylation of 
exogenous substrates, suggesting a gain-of-function of the kinase domain that will eventually 
exert neuronal toxicity. LRRK2 G2019S expression has been also associated with progressive 
neurite shortening that leads to gradual cell death in vivo and in vitro [42]. 
On the other hand, increased phosphorylation rates were observed in Roc domain mutants 
R1441C/G, supporting the existence of kinase-dependent mechanisms of LRRK2 toxicity. 
Furthermore, LRRK2 phosphorylates different ribosomal proteins, several of which have shown 
increased phosphorylation in the presence of G2019S and I2020T LRRK2 [25]. These 
mutations might increase bulk protein synthesis, thus leading to a depletion of valuable energy 
stores, inducing neuronal stress through an excess of the protein/degradation machineries, thus 
leading to the failure of overall protein quality control. In addition, there is a reported increase of 
cancer risk of patients carrying the G2019S mutations, given the fact that excess protein 
synthesis can result in the activation of certain oncogenic pathways [25]. 
 
b) Autosomal recessive forms of parkinsonism. 
Nowadays, autosomal recessive PD (AR-PD) with homozygous or compound heterozygous 
mutations has been associated in four genes that include PARK2 (parkin), PTEN induced 
putative kinase 1 (PINK1), DJ-1 and ATP13A2. These genes are unequivocally associated with 
heritable, levodopa-responsive parkinsonism with early age at onset and, generally, no atypical 
signs. The penetrance of recessive genes is also age-dependent, and only the expression of 
the phenotype might simply be delayed [8]. Moreover, mutations in the encoding protein 
glucocerebrosidase (GCase) causes the lysosomal storage disorder Gaucher Disease, which 
has also been associated with a high risk in developing LB pathology and parkinsonism [49]. 
 
Parkin. 
Parkin is an ubiquitin E3 ligase, primarily localized to the cytoplasm, which tags proteins through 
a process called ubiquitylation that leads to proteasomal degradation [50]. In addition to this, 
Parkin has been also reported to regulate mitochondrial quality control, by activating mitophagy 
and mitochondria biogenesis [51]. Parkin is suggested to exist in an autoinhibited state, and its 
activation is due to either its translocation to the mitochondria or association with its substrates 
[52]. 
Parkin is a 456-aminoacid protein that contains an N-terminal ubiquitin-like (UBL) domain, 
followed by three RING (Real Interesting New Gene) finger domains, separated by a 51-residue 
IBR (In-Between-Ring) domain in the C-terminal part (Fig. 6) [8]. 
Mutations in the PARKIN gene are the most frequent described cause of early-onset PD (<40-
50 years), accounting for 10-20% of the cases worldwide and 50% of recessive familial forms 
[53,54]. To date, more than 170 different mutations have been described throughout the large 
sequence of this gene (1.35 Mb), including deletions, insertions and point mutations [55], that 
for the most part lead to a loss of parkin's catalytic activity [51]. Importantly, around 50% of 
parkin mutation carriers have exon rearrangements that, in the heterozygous state, are not 
detectable by sequencing alone [56]. 
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Figure 6. Schematic representation of parkin in the transcript level and the functional 
domains of the Parkin protein.  
More than 170 different mutations have been described, comprising: 
A) Pathogenic frameshift mutations, insertions and point mutations. 
B) Missense mutations, exonic deletions, exonic duplications and triplication (from Corti et al., 2011 [8]). 
 
Pathologically, PARKIN mutations carriers develop a clinical phenotype similar of that of 
sporadic patients, associated with loss of A9 DA neurons, but also a number of specific clinical 
features. In addition to an earlier age at onset, they have a relatively benign disease course, 
with slower disease progression, a better response to low doses of levodopa, but complicated 
signs with early motor fluctuations and the development of dyskinesias [8]. Interestingly, only 
half of the patients carrying Parkin mutations show LB formation [57]. 



	 20	

As aforementioned, most of Parkin mutations are associated with a loss of function of the 
protein, implying the disruption of its E3 ligase activity or its interaction with E2 enzymes, 
provoking an accumulation of parkin substrates [24]. More interestingly, in addition to mutations 
impairing parkin's function, its enrichment with cysteines makes it prone to oxidative and 
nitrosative attack. In fact, parkin is inactivated by post-translational modifications, such as 
nitrosative, dopaminergic, and oxidative stress in sporadic PD, thus suggesting that Parkin 
dysfunction may be causative of both sporadic and genetic PD [58]. 
Given that loss of parkin function leads to accumulation of its substrates, identification of these 
substrates can help to understand the biomolecular mechanisms that lead to neurodegeneration 
in DA neurons. In fact, two potential pathophysiologic substrates of parkin have been identified 
recently: PARIS (ZNF746), and AIMP2 [58]. PARIS is a strong pathogenic substrate since it 
accumulates in familial PD with parkin mutations, sporadic PD, parkin knockout mice and MPTP 
intoxicated mice [59]. Work of Shin and colleagues showed that under pathological conditions, 
where parkin is inactivated in PD, PARIS levels accumulate leading to downregulation of 
transcription factor PGC-1α, thus decreasing mitochondrial biogenesis and accelerating the loss 
of DA neurons. On the other hand, AIMP2 is a parkin substrate that has been considered a 
strong candidate since it is present in LB inclusions of PD substantia nigra. Besides, its levels 
are elevated in the ventral midbrain in parkin KO mice and post-mortem brain from patients with 
parkin mutations or sporadic PD [60,61]. However, future studies are needed to explore the 
relationship of PARIS and AIMP2 in the pathogenesis of PD. 
 
PTEN induced putative kinase 1 (PINK1) 
Pink1 is a protein kinase, that can be found in the cytosol and also associated in the outer 
membrane of the mitochondria (OMM), where its kinase domain is thought to face the cytosol 
[62]. 
PINK1 is a 581-aminoacid protein with a N-terminal mitochondrial targeting signal (MTS) motif, 
a putative transmembrane (TM) region, and a serine/threonine kinase domain (Fig. 7) [8]. In 
cooperation with Parkin, Pink1 has been described to promote autophagy of damaged 
mitochondria, a pathway that is suggested to be aberrant in PD, thus leading to cellular 
dysfunction and cell death [51]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Schematic representation of PINK1 on transcript level and the functional 
domains of the PINK1 protein. 
Patogenic deletions, including a deletion of the whole gene are represented above the transcript level (red lines), 
followed by frameshift and nonsense mutations (red arrows). Missesense mutations are represented below the protein 
scheme (from Corti et al., 2011 [8]). 
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Homozygous and compound heterozygous mutations in PINK1 are the second most frequent 
cause of autosomal recessive early-onset of parkinsonism. Most of them are point mutations or 
small insertions, although large genomic deletions and rearrangements have also been 
described [63,64]. Mutations in the gene encoding the protein either destabilize the protein, or 
decrease its kinase activity [65], supporting the hypothesis that mitochondrial dysfunction and 
oxidative stress may play a role in the pathogenesis of genetic and sporadic PD (Moon et al., 
2015). 
 
The clinical phenotype of PINK1-related PD patients is broadly similar to that of parkin or DJ-1 
related disease. Specifically, patients with PINK1 mutations tend to have better response to 
levodopa, a less severe disease and longer mean disease duration. In addition, patients with 
PINK1 mutations have an earlier onset and more frequent atypical symptoms, such as dystonia 
at onset, hyperreflexia, dyskinesias, and a higher prevalence of psychiatric disturbances [8]. 
 
DJ-1 
DJ-1 is a 189-aminoacid single domain protein, member of the ThiJ/Pfp1 family of molecular 
chaperones (Fig. 8) [8]. In the presence of oxidative stress, it translocates from the cytoplasm to 
the outer mitochondrial membrane and is thought to play a role in neuroprotection under these 
conditions [66]. Specifically, oxidant-induced modification of DJ-1 at a conserved cysteine 
residue causes its relocalization to mitochondria, a step that appears to be necessary for its 
neuroprotection. DJ-1 knock-down experiments in neuroblastoma cells shown mitochondrial 
depolarization and fragmentations, thus suggesting that DJ-1 acts in parallel to the 
PINK1/Parkin pathway, maintaining the integrity and function of the mitochondrial pool [67]. DJ-
1 is though to protect mitochondria and to mitigate cell death through different ways. First, by 
direct scavenging of H2O2 due to its peroxiredoxin-like peroxidase activity [68]. Second, DJ-1 
can function as a redox-sensitive RNA-binding protein and regulates redox-dependent kinase 
signalling pathways, such as upregulation of the antioxidant glutathione, and the stabilization of 
Nrf2, a critical regulator of antioxidant gene transcription [69]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Schematic representation of DJ-1 on transcript level and the functional 
domains of the DJ-1 protein. 
Rare deletions (red lines) and duplications (green lines) are represented above the transcript scheme, followed by 
frameshift and splice mutations. Missense mutatinos are represented below the protein scheme (from Corti et al., 2011 
[8]). 
 
Only 1% of early-onset PD accounts for mutations in DJ-1. Mutations in this gene include large 
homozygous deletions, homozygous missense mutation L166P, missense mutations in coding 
and promoter regions, frame-shift and splice-site mutations, and also exonic deletions have 
been found in some populations [8]. Mutations in DJ-1 destabilizes the protein, provoking a 
rapid proteasomal degradation, that is thought to interfere with its neuroprotective mechanism. 
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The DJ-1 phenotype is also characterized with early-onset and slow disease progression, and 
closely resembles that of patients with parkin and PINK1 mutations. However, little is known 
about genotype/phenotype correlations due to the small number of DJ-1 patients. 
 
Lysosome type 5 P-type ATPase (ATP13A2) 
ATP13A2 is a large transmembrane protein with putative ATPase acitivity, located in the 
lysosomes. ATP13A2 has been been associated with Kufor-Rakeb Syndrome, a recessive 
inherited atypical motor disorder [70], characterized by a levodopa-responsive juvenile 
parkinsonism, with akinesia, supranucelar gaze palsy, pyramidal signs, dementia, and 
progressive brain atrophy. Although little is known about its function, ATP13A2 is localized 
across endosomal and lysosomal membranes and functions as a cation pump. ATP13A2 loss of 
function was shown to increase neuronal sensitivity to zinc and impaired lysosomal function 
leading to α-synuclein accumulation [71]. Seven missense mutations in this gene have been 
identified [72]. Interestingly, ATP13A2 mRNA levels in the substantia nigra of patients with 
classical late-onset PD were found ~10fold higher than in control brains [73]. 
 
Glucocerebrocidase (GBA1) 
Only <10% of all PD cases account for rare forms of PD that follows Mendelian inheritance, 
representing 2% of late-onset and 50% of early-onset familial PD. However, Genome-wide 
association studies (GWAS) in PD have demonstrated a number of additional significant genetic 
associations with the disease. Probably the most exciting of all these genetic associations with 
PD, is the identification that mutations of the glucocerebrocidase gene (GBA1) are associated 
as a significant risk factor for developing PD [74]. 
The lysosomal enzyme glucocerebrocidase (GCase) is encoded by the GBA1 gene, which is  
located in the chromosome 1q21. It has 11 exons, 10 introns and is 7.6 kb in total, with a 16kb 
downstream nearby 5.6 kb pseudogene [75]. GCase functions by metabolising 
glucocerebrocidase to glucose and ceramide. Mutations in GBA1 provoke reduced GCase 
activity, causing the autosomal recessive lysosomal storage rare disorder Gaucher disease 
(GD) [76]. Almost 300 GBA mutations have been identified in patients with GD: point mutations, 
insertions and deletions, as well as complex alleles derived from the recombination or gene 
conversion between the GBA gene and its highly homologous pseudogene that represent ~20% 
of the pathogenic mutations in GBA (Table 2) [77]. The proportion of PD patients that carry 
GBA1 mutations is estimated to be between 5-10%, however this range may be underestimated 
in some populations. Interestingly, Gaucher patients and asymptomatic heterozygous gene 
carriers are recognised to be almost equal at risk of developing PD [74]. Thus, GBA1 mutations 
represent the most important risk factor for PD identified to date, being even more common than 
other PD associated genes such as LRRK2 or SNCA. 
 
Carriers of GBA1 mutations with PD are clinically and pathologically undistinguishable from 
idiopatic PD without GBA1. PD-GBA1 exhibit clinical features related to early-onset, levodopa-
responsive PD, experiencing hallucinations and symptoms of cognitive decline or dementia. The 
pathology of GBA1-PD patients appears to be identical to that of idiopathic disease, 
characterized widespread and abundant α-synuclein pathology and prominent diffuse Lewy 
body-type pathology in the neocortex [78].  
Specifically, the presence of a mutation in GBA1 is directly associated with reduction of the 
GCase activity, although the degree of this varies between mutation. Whereas homozygous 
Caucher patients may have <1% residual activity, heterozygous carriers may have 50-60% 
residual activity, depending on the mutation [74]. 
The loss of activity is not induced by decreased transcription, but associated with decreased 
protein levels of GCase. Specifically mutant GCase protein it has been reported to be trapped in 
the endoplasmic reticulum (ER), thus triggering the unfolded protein response and ER-
associated degradation (ERAD), which are found to be increased in the GBA1 brains [79]. 
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TABLE 2. Summary table of the frecuency of GBA mutations in parkinsonian syndromes 
and other neurodegenerative diseases. 
Abbreviations: AD = Alzheimer’s disease; ADLBV = Alzheimer’s disease variant with Lewybodies; CBD = corticobasal 
degeneration; DLB = Lewy body dementia; ET = Essential tremor; LBD = Lewy Body diseases; MSA = Multiple system 
atrophy; MSA-C = Multiple system atrophy cerebellar type; MSA-P = Multiple system parkinsonian type; PD = 
Parkinson’s disease; PDD = Parkinson’s disease dementia (from Barkhuisen et al., 2015 [77]). 
 
In addition, there is now evidence to support an age-related decline of GCase activity in the 
ageing brain that may act as predisposing factor for α-syn accumulation and PD [49]. 
The link between the inverse correlation with GCase and SNCA levels has been demonstrated 
both in vivo and in vitro in different studies. Some have found that overexpression of mutant 
GBA1 increased SNCA levels [80]. Moreover, accumulation of SNCA has been seen in cortical 
neuronal cultures from GBA1 knockout mice and in the brains of these mice [81]. In fact, an 
analysis of Lewy Body density load in PD brain found an inverse relationship with GCase 
activity [82]. However, the molecular and biochemical basis for the interaction between both 
proteins has yet to be elucidated. 
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1.3. Mechanisms involved in PD pathogenesis. 
As aforementioned, little is known about the exact mechanisms leading to A9 DA neuron death 
in PD. it is suggested that PD occurs when several mechanisms such as protein aggregation 
and spreading, mitochondrial activity, autophagy or degradation via proteasome become 
dysregulated in a complex chain of events, triggered by the combination of an environmental 
influence and/or a PD-specific mutation susceptibility. 
 
1.3.1 Pathogenic protein aggregation and spreading. 
It is in 1912 when Friedrich Heinrich Lewy first described the inclusion bodies, which would 
become the main histopathological hallmark of PD, later reffered to as "Lewy bodies" and "Lewy 
neurites" by Konstantin Nikolaevich Tretiakoff in 1919. The composition of those inclusion would 
remain unknown until 1997, when two key discoveries were made, with a substantial effect on 
PD research: first, the identification of point mutations in the gene encoding α-synuclein (SNCA) 
in familial forms of PD [83], and second, the finding that aggregated forms of misfolded α-
synuclein are the major fibrillar component of Lewy body pathology, among other numerous 
proteins, such as ubitiquin, parkin and other neurofilaments [13]. 
To date, the mechanisms regarding the initiation of α-synuclein misfolding and aggregation, the 
cellular specificity, and the progression of α-syn pathology in synucleopathies remains poorly 
understood. However, accumulative evidences have strenghten the concept that α-synuclein 
may be transmissible from cell to cell, acting as a self-propagating pathogenic protein (prion-like 
protein), thereby contributing to the progression and extension of PD. This hypothesis stems 
from two sets of discoveries. First, as aforementioned, Braak staging hypothesis suggested an 
ascending LB formation across the brain, following a caudo-rostral pattern, thereby explaining 
the clinical prodrome and progression of most of sporadic forms of PD [22]. Following this 
hypothesis, further evidence from three independent groups reported that embryonic 
mesencephalic neurons grafted into the striatum of some PD patients develop LB-like 
structures, more than 9 years after brain surgery, thus speculating that misfolded α-synuclein 
can be transmitted between cells, thus initiating aggregation in neighbouring neurons [84–86]. 
 
The exact molecular mechanism involved in α-synuclein aggregation and how aggregates can 
cause selective DA neuron loss is poorly understood (Fig. 9). On one hand, wild-type α-
synuclein has shown a spontaneous tendency to form amyloid fibrils in vitro, a feature that has 
been accentuated in the A53T, A30P and E46K mutant variants of α-synuclein [87]. On the 
other hand, as mentioned in previous chapters, there is a dosage effect directly related between 
α-syn cytotoxicity and its overexpression, due to the effect of supernumerary copies of the 
SNCA gene [88]. Cellular dysfunction might be related to conformational changes of α-
synuclein, although controversy have risen regarding which of the forms are more toxic than 
others. Although some studies claimed a direct correlation between fibrillar inclusion bodies and 
neurodegeneration[89] several others have aimed that oligomeric intermediates causes cellular 
dysfunction and cell death [90]. Remarkably, Winner and colleagues established a direct in vivo 
demonstration of the toxicity of α-synuclein oligomeric forms in murine models. They developed 
recombinant α-synuclein variants able to accelerate fibril-promoting variants, as well as others 
able to form stable oligomer forms. Lentivirus encoding of these α-syn variants were injected in 
the substantia nigra of adult rats. Specifically, high loss of DA neurons was only found in the 
mutants that favoured α-syn oligomerization, compared with the mutants that formed fibrils more 
quickly. In addition, compared to fibril forms, α-syn oligomer forms were found to bound strongly 
to cell membranes, thus confirming the role of this oligomeric forms in membrane disruption, 
cellular dysfunction, and cell death. Therefore, this study demonstrated a direct link of 
membrane-associated α-syn oligomers and DA neurodegeneration in a murine model, thus 
reinforcing the concept that oligomeric prefibrillar α-syn, rather than its fibrils, may represent the 
pathogenic species of α-syn in PD [91]. 
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Figure 9. α-Syn aggregation in 
PD. 
α-Synuclein exists in various conformations 
but it has predominantly two strucural 
isoforms that can undergo substantial 
structural changes, resulting in the 
formation of β-sheet-rich assemblies, that 
can aggregate into several types of small 
oligomeric species that remain stabilised by 
β-sheet interactions, and then into higher-
molecular-weight insoluble protofibrils, 
which can polymerise into amyloidogenic 
fibrils resembling those identified Lewy 
bodies. α-Syn aggregates are thought to be 
transmitted from one DA neuron to another 
in a prion-like manner (modified from Dehay 
et al., 2015 [92])	 
 

On the other hand, as it had been shown with in vitro recombinant α-syn preformed fibrils [93], 
2012), Recasens and colleagues demonstrated that injection of nigral LB containing 
pathological α-syn, that was previously purified from postmortem PD brains and subsequently 
inoculated into either the SN or striatum of C57BL/6J mice and rhesus monkeys, was enough to 
initiate a PD-like pathological process characterized by diffuse cytosolic and presynaptic 
accumulations of pathological α-synuclein. Importantly, LB-induced pathogenic effects required 
both human α-syn present in PD-derived LB extracts and host expression of α-syn. Specifically, 
exogenous α-syn was quickly internalized within host neurons and triggered the pathological 
conversion of endogenous α-syn, thus resulting in a progressive nigrostriatal neurodegeneration 
in both mice and macaque monkeys [94]. However, the mechanism of this pathological 
conversion is not clear whether if it starts directly through a seeding prion process [95], or rather 
indirectly as a general response to cellular stress, such as deleterious microglial response, thus 
contributing to the overall progression of the disease [92]. 
Moreover, the native state of α-synuclein is extensively under discussion, as it has been found 
either as a folded monomer [96], or as a predominantly helically folded tetramer [97,98]. Taken 
together, this data suggests that α-syn may exist in various conformations and oligomeric states 
in a dynamic equilibrium, which can be modulated by external factors, post-translational 
modifications and disease-related mutations, thus accelerating the formation of toxic forms of 
the protein. At this point, toxic forms of oligomeric α-synuclein can lead to the disruption of 
different cellular components, affecting vesicle trafficking, neurotransmission release, and the 
integrity and functionality of several organelles (Fig. 10) [92]. 
Interestingly, several studies have shown that the presence of nitration [35], and oxidation of α-
synuclein derived from oxidised derivatives of dopamine increase, decrease the propensity of α-
syn to form fibrils and stabilise oligomers, and might thus enhance toxicity [99]. Moreover, it has 
been shown that phosphorylation of α-synuclein at Ser129 promotes fibril formation [100]. In 
conclusion, the existence of toxic versus non-toxic α-synuclein strains could underlie the 
differences in disease propagation between individuals, cell types, and synucleopathies, and 
the formation of LB may represent a protective form of the protein thereby decreasing the 
content of relevant toxic species of α-synuclein [92]. 
Moreover, although in not all the cases, an interaction of LRRK2 with α-syn has been accepted. 
Evidences for a role of α-syn in LRRK2 toxicity come from studies on human dopamine neuron 
cultures demonstrating increase α-syn levels in several mutated forms of LRRK2 PD patient 
iPSC-derived DA neurons [101,102]. 
There are two hypotheses that can explain this connection. First, that pathogenic LRRK2 
stimulates general mRNA translation, thus leading to increased translation of α-syn mRNA, 
which would account for synucleopathies seen in PD patients carrying LRRK2 mutations. 
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Figure 10. Schematic representation of interaction between the toxic oligomeric forms of 
α-syn and the affected cellular compartments. 
A) Disruption of the normal function of α-syn in neurotransmission release, where it may act as a negative regulator of 
DA release; B) Strong interaction with organelles and plasma membranes through pore formations or perforations, that 
can dysregulate calcium and cation homeostasis; C) Impairing the efficiency of some protein-degradation mechanisms; 
D) Impairing mitochondrial structure and complex I activity, as well as mitochondrial dynamics and mitophagy; E) 
disrupting ER-Golgi vesicular transport, which results in ER-stress (Modified from Dehay et al., 2015 [92]). 
 
Second, pathogenic LRRK2 may promote oligomerization of α-syn, which can impair its 
degradation through the chaperon-mediated autophagy [103,104]. However, LRRK2 and α-syn 
are not connected in invertebrate models, mainly because α-syn is not expressed, although they 
do manifest LRRK2 toxicity. Therefore, given that there is an absence of Lewy bodies in some 
PD patients with mutations in LRRK2 or other familial PD genes, altogether bolsters the 
hypothesis that LRRK2 toxicity can be independent of α-syn [25]. 
 
1.3.2. Mitochondrial dysfunction 
Almost since the dawning of PD research, association with mitochondria and PD was the first 
link to be described, when people intoxicated with inhibitors of the mitochondrial complex I 
(MPTP) developed acute parkinsonism, thus revealing severe lesions in the brain, particularly in 
the nigrostriatal system [105]. Indeed, some animal models are based in the induction of brain 
lesions by the administration of mitochondrial inhibitors, such as MPTP, paraquat, rotenone, in 
order to generate PD-related phenotypes [106]. 
Mitochondrial dysfunction has emerged as one of the key mechanisms underlying the 
pathogenesis of both sporadic and familial PD. Two decades ago, it was already known that the 
activity of the mitochondrial respiratory complex I (NADH-quinone oxidoreductase) is reduced in 
the substantia nigra of PD patients [107]. Specifically, correlation between reduced electron 
transfer rates, with increased levels of protein carbonyls (oxidative modification of proteins) in 
several catalytic subunits of complex I were found in parkinsonian brains, suggesting that 
excessive oxidative damage of complex I subunits can lead to its dysfunction [108]. 
Interestingly, compared with other brain areas, A9 DA neurons in the substantia nigra appear to 
be more vulnerable to impairments of complex I activity, probably due to lower mitochondria 
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content, and increased levels of reactive oxigen species (ROS) generated as a result of 
dopamine metabolism and iron content [109]. 
To date, strong evidence from the characterization of the contribution of PD related genes 
suggests a causal involvement of mitochondrial dysfunction and oxidative stress in PD 
pathogenesis. Among these genes, the gene encoding E3 ubiquitin ligase Parkin, the 
mitochondrial serine-threonine kinase Pink1 and the chaperon DJ-1 have been considered to 
have prominent functions in mitochondrial homeostasis. Hence, both genetic mutations and 
disease-specific post-translational modifications in these PD-related proteins are linked to PD 
pathogenesis, thus underlying that some pathogenic mechanisms from sporadic and familial PD 
can converge [110]. 
 
Mitochondria are dynamic organelles, with their morphology constantly being modified by fission 
and fusion events, all while they are being shuttled throughout the cell. The balance between 
biogenesis and mitophagy is crucial to adjust the bioenergetic demands of the cell, while 
minimizing the accumulation of damaged mitochondria. 
In particular, Parkin has key functions in mitochondrial homeostasis. First, in normal conditions 
Parkin ubiquitinates PARIS, a transcription repressor of PGC1α, thus enabling the activation of 
mitochondrial biogenesis pathways [59]. Specifically, Parkin is present in mitochondria of 
proliferating cells, enhancing transcription and replication of mitochondrial DNA (mtDNA) [111], 
thus suggesting a recruitment of Parkin to mitochondria in order to promote mitochondrial 
biogenesis during cell mitosis (Fig. 11A). Indeed, a clear correlation has been found between 
the occurrence of PD and a decrease in the activity of PGC1α [112]. On the other hand, recent 
evidences suggests that Parkin operates together with PINK1 in a common genetic pathway in 
maintaining mitophagy and mitochondrial integrity, with PINK1 acting upstream of Parkin [113–
116]. In fact, loss of function of either PINK1 and Parkin in Drosophila results in altered 
mitochondrial dynamics and impaired mitochondrial function in DA neurons, suggesting that the 
balance of fission to fusion is pushed towards fusion in these mutants [110]. 
In normal conditions, PINK1 is localized in the outer membrane of the mitochondria (OMM), 
where it is cleaved in a voltage-dependent manner to a smaller fragment, and rapidly degraded. 
However, in depolarized mitochondria no cleavage occurs and PINK1 is sequestered in the 
OMM, triggering a kinase-dependent process that will translocate parkin to the mitochondria. 
Once recruited to mitochondria, Parkin ubiquitinates several OMM proteins, including Mitofusin 
1 and 2 (Mfn1, Mfn2), voltage-dependent anion channels (VDACs) or Miro. Subsequently, the 
parkin ubiquitination process recruits the autophagic adapter protein P61/SQSTM1, thus 
allowing the recruitment of other components of the autophagy machinery, and preventing the 
fusion of damaged mitochondria with other healthy mitochondria (Fig. 11B). Therefore, 
PINK1/Parkin pathway is thought to promote mitochondrial fission rather than mitochondrial 
fusion [110]. 
 
Nevertheless, although the evidence points to the PINK1/Parkin pathway affecting fission and 
fusion, it is not well understood how this could cause specific DA neuron degeneration. On one 
hand, the fusion of two damaged mitochondria that harbor mutations in different genes can 
allow functional complementation to occur by the diffusion of RNA and protein components 
across the newly formed mitochondria, thus rescuing the mitochondrial function. However, point 
mutations and deletions caused by the vulnerability of mtDNA to ROS as a result of ATP 
production, leads tu accumulative lesions that with aging can expand in the cellular pool of 
mitochondria, resulting in impaired mitochondrial function in PD, such as decreased activity of 
complex I, IV, mtDNA deletions, as well as the presence of swollen and dysfunctional 
mitochondria inside neurons [51]. 
On the other hand, mitochondrial fission allows the autophagic degradation of damaged 
mitochondria, which often leads to the segregation of damaged components to one of the 
resulting mitochondria. Indeed, as aforementioned, fission is a prerequisite for mitophagy [117]. 
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Figure 11. Parkin and PINK1 and their interaction related with mitochondrial 
homeostasis. 
A) Parkin controls the expression of PGC1α through PARIS. PARIS is a transcriptional repressor that selectively 
downregulates PGC1α by binding to insulin response sequences (IRSs) in the PGC1α gene promoter. This leads to 
downregulation of NRF-1, which transcriptionally controls mitochondrial biogenesis, resulting in DA neuron 
degeneration. Parkin loss of function is either caused by mutations in familial PD or triggered by nitrosative, oxidative or 
DA stress in sporadic PD. 
B) A model of interaction of PINK1 and parkin in regulating mitochondrial turnover. In depolarized mitochondria, Pink1 is 
not cleaved and remains in the mitochondria where it recruits parkin to mitochondria. Once localized to mitochondria, 
parkin polyubiquitinates mitofusin and voltage-dependent anion channel 1 (VDAC1). This ubiquitination recruits the 
autophagic adapter protein P62/SQSTM1, which in turns triggers mitophagy of dysfunctional mitochondria, thus 
preventing fusion of the damaged mitochondria with other healthy mitochondria. (modified from Büeler et al., 2009 
[110]) 
 
In addition, fission is also required for normal respiration and ATP synthesis [118] and favours 
the transport of mitochondria to synapses to promote synaptogenesis [119]. In fact, 
dysregulation of mitochondrial transport may be implicated in PD. Given the increased 
requirements of neurons for mitochondrial transport and how far neurites extend from the cell 
soma, loss of either PINK1 or parkin could provoke a suboptimal mitochondria to be shuttled to 
axon terminals, undermining local energy production. 
 
Moreover, different properties have been abscribed to DJ-1. As aforementioned, the redox-
regulated chaperone DJ-1 is present mostly in the cytosol, but it is rapidly translocated to the 
mitochondria during conditions of oxidative stress, thus confering neuroprotection in different 
ways [66,120,121]. On one hand, DJ-1 can prevent misfolding of different subunits of 
mitochondrial respiratory complexes, in particular complex I, since loss of DJ-1 is associated 
with increased sensitivity to complex I inhibitors. Alternatively, under oxidative stress conditions, 
DJ-1 dissociates from mRNA related to glutathione metabolism, mitochondrial proteins and 
members of the PTEN/PI3 kinase cascade, restoring translation to full activity [122]. On the 
other hand, its chaperon role is thought to prevent also protein misfolding. For this reason, DJ-1 
may prevent oligomerization and aggregation of α-synuclein in an oxidation-dependent manner 
[123], thus probably preventing α-syn toxicity. 
 
All in all, is substantially evident that DJ-1, Pink1 and parkin share similar function in preserving 
mitochondrial integrity, although DJ-1 does not act in the same pathway as PINK1 and parkin, 
despite acting in a parallel pathway with common effects (Fig. 12). Therefore, the role of these 
three proteins against oxidative stress is important in those neurons, such as DA neurons, 
which need a strict mitochondria quality control, necessary for their high energetic demands. 
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Figure 12. A simplified model for the dynamic regulation and maintenance of 
mitochondrial integrity by PINK1, Parkin, and DJ-1. 
Pink1 controls the localization and activities of its target (effector) proteins, such as Parkin, by direct or indirect 
phosphorylation. Phosphorylation of Parkin triggers its translocation from the cytosol into mitochondria, where it exerts 
its mito-protective effects. As well, oxidative stress-induced mitochondrial dysfunction triggers the rapid and specific 
translocation of cytosolic Parkin to depolarized mitochondria, consequently promoting mitophagy. Other important 
functions of Parkin are; to reduce cytochrome C release, thus suppressing apoptotic stress-activated protein kinase 
pathway; to stimulate mitochondrial biogenesis; and possibly to promote mitochondrial fission via the ubiquitination of 
mitochondrial fission and/or fusion proteins. On the other hand, DJ-1 protects mitochondrial complex I against oxidative 
stress-mediated activation. Moreover, as a chaperone, DJ-1 may prevent the misfolding and aggregation of oxidized 
mitochondrial proteins, as well as the aggregation and toxicity of α-synuclein. As well, DJ-1 may regulate the translation 
of mRNA coding for proteins required for glutathione metabolism, mitochondrial function and cell survival in an 
oxidation-dependent manner (modified from Büeler et al., 2009 [110]). 
 
The role of the interaction between α-synuclein and mitochondria still remains poorly 
understood. However, association between α-synuclein and mitochondria are known to be 
highly dependent on membrane lipid composition. On one hand, alterations in membrane lipids 
and reduced activities of the electronic transport chain (ETC) complexes I and III were observed 
in mitochondria from mice lacking binding of α-synuclein [124]. Indeed, it is not surprising that α-
syn could have a physiological role in mitochondria since other evidences have demonstrated 
that α-syn binding to mitochondria brings stability to the ETC complexes, and that its antioxidant 
capacity is completely dependent on its associations with cellular membranes [125]. 
 
On the other hand, hippocampus, striatum and substantia nigra has shown to contain several-
fold higher mitochondrial α-synuclein content in PD patients when compared to healthy 
individuals, thus suggesting that mitochondrial accumulation of α-synuclein in PD contributes to 
the known mitochondrial complex I defects of the disease [126]. It is suggested that the natural 
capacity of α-synuclein to interact with cellular membranes might be modified via post-
translational modifications like phosphorylation, nitration or oxidation, thus causing increased 
aggregation and toxicity and losing its physiological function in this organelle (Fig. 13) [96]. 
Indeed, α-synuclein protofibrils are known to form annular pores in membranes, suggesting that 
permeabilization of intracellular membranes, including synaptic vesicles and mitochondria, may 
be involved in α-synuclein toxicity [127,128]. 
 
Moreover, α-synuclein has been shown to bind to the PGC1a promoter under conditions of 
oxidative stress, thus contributing to a vicious cycle, where interaction of α-syn with PCG1a, 
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impairs mitocondrial biogenesis pathways, and increases accumulation of defective 
mitochondria and susceptibility to α-syn toxicity [129]. It has been further shown that α-syn 
inhibits the fusion of mitochondria and to alter the structure of their crests [130,131], therefore 
the resulting mitochondrial membrane depolarization, together with a smaller size make them 
prone to become targets for mitophagy [132], thus negatively contributing to the overall energy 
demanding of the neuron. In addition, α-syn impairs axonal transport and delivery of 
mitochondria, as it has been shown to interact with motor proteins like kinesin [133]. Given that 
mitochondrial transport within DA axons is slower than in other neuronal cell types [134], 
impairing transport in DA neurons can have a significant impact, since their long-projections 
have a high energetic demand, making them vulnerable to the α-syn pathology.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Contribution of α-syn an LRRK2 in mitochondria dysfunctionality. 
α-Synuclein controls synaptic vesicle dynamics and may regulate mitochondrial membrane lipid composition and 
complex I activity. Familial PD mutations, oxidative stress (nitration) and dopamine adducts accelerate the formation of 
toxic α-synuclein protofibrils, which may permeabilize the outer mitochondrial membrane, resulting in the loss of the 
mitochondrial membrane potential, cytochrome c release and apoptosis. Increased mitochondrial levels of α-synuclein 
in PD have been associated with reduced complex I activity and oxidative stress. Therfore, mitochondrial dysfunction 
may result in further oxidative stress that promotes aggregation of α-synuclein, generating a vicious cycle of α-
synuclein-induced mitochondrial damage. On the other hand, LRRK2 distributes diffusely in the cytoplasm, but about 
10% of the protein is associated with the outer mitochondrial membrane. Over-expression of familial mutant LRRK2 
proteins causes caspase- and Apaf-1-dependent apoptosis. In addition, increased autophagy associated with 
expression of G2019S LRRK2 may result in excessive (pathological) degradation of mitochondria (modified from Büeler 
et al., 2009 [110]). 
 
Furthermore, a although the physiological role of LRRK2 is not yet fully understood, it has been 
shown that LRRK2's kinase activity mediates mitochondrial fission and fusion dynamics 
[135,136]. LRRK2 is associated with intracellular membranes, including lysosomes, transport 
vesicles and mitochondria [41]. In particular, LRRK2 can be associated with the mitochondrial 
outer membrane, although the function of LRRK2 in relation to mitochondria is presently unclear 
(Fig.13). Transient over-expression of familial PD mutant LRRK2 (G2019S, Y1699C and 
R1441C) has been shown to induce Apaf-1 required neuronal death, which can be blocked by 
caspase-inhibitors, showing that mutant LRRK2 causes mitochondria-dependent apoptosis. 
Moreover, patients with a G2019S mutation have a decrease in mitochondrial membrane 
potential and ATP deficits. Overexpression of either wild-type or mutant (R1441C or G2019S) 
LRRK2 causes mitochondrial fragmentation, reduced mitochondrial fusion, and increased 
Dynamin related protein (Drp1) recruitment to mitochondria by direct interaction with LRRK2 in 
vitro [25]. Overexpression of G2019S mutant LRRK2 caused neurite retraction and shortening 
in differentiated neuroblastoma cells, which correlated with increased autophagy [137]. In fact, 
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increased autophagy may also affect mitochondria, possibly resulting in a deregulated 
mytophagy in neurites. Besides, LRRK2 G2019S mutation also provokes more sensitiveness to 
toxins in mitochondria [101,135]. Overall, these evidences may suggest that overactivity of the 
kinase of LRRK2 due to either gain-of-function mutations or its overexpression might play a role 
in the phenotypes observed. 
 
1.3.3. Oxidative and Nitrosative stress 
Oxidative and nitrosative stress have been shown to be increased in idiopathic and genetic 
cases of PD. PD patients exhibit high levels of oxidized lipids, proteins and DNA and are also 
associated with reduced GSH levels [138–140]. Due to the presence of ROS-generating 
enzymes like Tyrosine Hydroxylase and monoamine oxidase B (MAO-B), DA neurons are 
particularly prone to oxidative stress. Therefore, it is suggested that the accumulation of reactive 
oxygen and nitrogen species (ROS and RNS) can affect different pathways that contribute to 
the pathogenesis of PD (Fig. 14). 
 
Oxidative stress can be generated mainly by three mechanisms. First, generation of ROS is an 
inevitable outcome of oxygen dependent respiration that takes place in mitochondria. 
Mitochondria generate energy in the form of ATP from macromolecules via Krebs cycle and 
electronc transport chain (ETC). High energy end products of Krebs cycle, NADH and FADH2, 
generate a proton gradient through the ETC, across the inner mitochondrial membrane, which 
drives the oxidative phosphorylation of ADP to ATP by the ATP synthase. However, ROS result 
when electrons donated by NADH and FADH2 leak from the ETC, mainly from complex I (Lin et 
al., 2006), thus leading to the partial reduction of molecular oxygen to superoxide (O-

2). 
Mitochondria are protected from this by superoxide dismutase (SOD), which metabolizes 
superoxide to hydrogen peroxide (H2O2), which in turn it can be converted to H2O and O2 by 
catalase. The conversion of O-

2 and H2O2 into non-toxic species is crucial for cell survival, since 
this toxic forms can react with other molecules to generate additional ROS, such as hydroxyl 
radicals, that can be extremely toxic to the cell [141]. 
 

Figure 14. Oxidative and nitrosative stress 
activates mechanisms that contribute to A9 
dopaminergic death. 

Dopamine metabolism, inflammation and exicitoxicity 
contribute to the generation of excessive ammount of ROS 
and RNS. Excessive amount of oxidatively damaged proteins 
can overwhelm the proteolytic system and therefore results in 
the further accumulation of misfolded or aggregated proteins 
that can compromise the survival of SNc DA neurons. In 
addition, ROS and RNS can directly affect the performance of 
proteolytic system by the modification of specific components 
in the system, specifically affecting the mitochondrial integrity 
and function, creating a pathogenic feedforward loop that 
leads to increased protein aggregation and compromised 
ATP production, which in turn blocks energy dependent 
stress coping mechanisms, thus leading to dopaminergic 
neuron cell death (modified from Collier et al., 2011 [26]). 

 
Second, generation of ROS in the process of inflammation acts as a defense mechanism 
against small pathogens. However, excessive production of ROS can cause a chronic 
inflammation that can have deleterious effects. Specifically, neuronal loss in PD is associated 
with chronic neuroinflammation, which is controlled primarily by the activation of the microglia, 
the major resident immune cells in the brain [142]. Activation of microglia is not only neurotoxic 
through the production of cell damaging extracellular ROS, but also through the initiation of 
redox signalling in microglia that amplifies the pro-inflammatory response [143] to astrocytes 
and oligodendrocytes [144], which eventually would produce modulators of inflammatory that 
augment microglial activation, chemotaxis and proliferation. Microglial activation has been found 
with a greater density in the SNpc [145] and in the olfactory bulb of both sporadic and familial 
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PD patients [146,147], as well as in PD animal models [148,149] and it has been associated 
with different PD-associated genes like SNCA or LRRK2 [150,151]. Indeed, extracellular α-syn 
released from neuronal cells is an endogenous agonist for Toll-like receptor 2 (TLR-2), which 
triggers the activation of the microglial inflammatory responses [150]. Moreover, LRRK2 
increases proinflammatory cytokine release from activated primary microglial cells which results 
in neurotoxicity [152]. In contrast, LRRK2 inhibition it has been shown to attenuate microglial 
inflammatory responses [151,153]. 
Third, DA neurons are more exposed to ROS and RNS than other neurons due to the 
metabolism of DA itself. DA is a relatively unstable molecule in nature that undergoes 
autooxidation mechanism in the nigrostriatal tract system thereby producing ROS [154]. In 
addition, the unstored cytosolic fraction undergoes spontaneous or MAO-B-mediated 
degradation to form toxic DA derivates, such as DA quinones, toxic reactive species that can 
modify proteins such as α-synuclein and parkin [155–157]. 
 
Another major contributor of oxidative stress is the metabolism of nitric oxide (NO). NO is 
generated in biological tissues by specific nitric oxide synthases (NOS) [158]. NO acts as an 
important biological signalling oxidative molecule in a large variety of diverse physiological 
processes like neurotransmission, among others [159]. When the generation of RNS in a 
system exceeds the system's ability to eliminate and neutralize them it provokes nitrosative 
stress. Nitrosative stress leads to nitrosylation reactions, which again can modify the structure 
of the proteins, such as α-synuclein or parkin [35,160–162], thus inhibiting the normal 
functioning of proteins. In addition, S-nitrosylations have been found to regulate gene 
transcription, vesicular trafficking, receptor mediated signal transduction, and apoptosis [163]. 
NO is generated by three isoforms of nitric oxide synthase (NOS): inducible NOS (iNOS), 
endothelial NOS (eNOS), and neuronal NOS (nNOS). For instance, overstimulation of NMDAR 
by its ligand glutamate results in excitotoxicity [164]. Specifically, overstimulation of NMDAR 
results in the influx of Ca2+, which leads to the activation of nNOS [165], that eventually will 
produce NO, thus reacting with other ROS and forming highly toxic peroxynitrite (ONOO-). 
Consequently, peroxynitrite will induce cellular damage through protein nitration (i.e. 
peroxynitrite-induced aggregation of α-syn), lipid peroxidation and DNA fragmentation 
[166,167]. 
 
Oxidative stress is also playing important roles in affecting the normal function of familial PD-
related gene products in the process of neurodegeneration. For example, ROS and RNS are 
known to cause protein misfolding and aggregation. Indeed, nitrated or oxidative damaged 
protein aggregates are prominent in brain tissues from PD patients [168]. For instance, 
oxidative damaged α-syn, as well as nitrated α-syn, are more prone to aggregation and 
therefore it is selectively deposited into the LB.  Nitrated α-syn is more resistant to proteolysis 
and prone to aggregation, and reduced lipid binding and solubility in cells. In addition, nitrated 
α-syn is more immunogenic, which might explain why increased inflammatory response such as 
gliosis and T cell activation is common in PD patients [169,170]. 
 
α-Syn can undergo other oxidative modifications. One that gained most attention is the addition 
of DA adduct on α-syn [171]. This modification stabilizes the toxic α-syn protofibrils, and that 
inhibits from further aggregation into less toxic insoluble fibrils [172]. α-Syn protofibrils would 
lead to the permeabilization of synaptic vesicles, thus increasing intracellular DA, which could 
further enhance DA modification of α-syn and consequently, the formation of more α-syn 
protofibrils. Moreover, toxic forms of α-syn have shown to interact with complex I [126]. Besides, 
DA conjugated α-syn is resistant to CMA degradation as well as capable of blocking other 
proteins from degradation via this pathway [173]. Taken together, these studies provide 
potential pathogenic mechanisms of how wild-type α-syn and oxidative stress can contribute to 
the neurodegenerative process in PD. 
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Neurons are metabolically very active as such they depend a lot on the mitochondria energy 
production in the form of ATP. Any untoved or pathological situation which leads to 
mitochondrial dysfunction can cause a lot of increase in ROS. 
Pathological studies supports that complex I dysfunction is commonly observed in PD patients, 
suggesting that mitochondrial function can also be affected by ROS [174]. For example, studies 
have found that oxidative damage such as S-nitrosylation of complex I can inhibit its normal 
activity [175]. In fact, mitochondrial respiratory chain subunits are also sensitive to NO- and 
ONOO- mediated damage, thus resulting in disorganization and inhibition of the respiratory 
complexes. For instance, ROS production can cause peroxidation of the mitochondrial lipids 
cardiolipin, and as such leads to the release of cytochrome C oxidase in the cytosol, which is 
known to cause apoptosis [176]. 
Moreover, hydroxyl radicals derived from generated ROS in the mitochondria are highly reactive 
and can damage different macromolecules inside mitochondria, like proteins, DNA and lipids. 
Specifically, accumulative unrepaired damage of mtDNA leads to defective complex I. Indeed, 
inhibition of complex I can result in increased formation of superoxides, thus amplifying the 
generation of more ROS. Therefore, the redox sensitive of the complex I activity [174], can 
generate a pathogenic vicious cycle, that can result in the shutdown of ATP biosynthesis, that 
consequently will provoke the inhibition of ATP dependent cytoprotective pathways, seriously 
compromising the survival of neurons [177]. 
 
1.3.4. Dysfunction UPS and autophagy. 
Most of accumulated proteins in LBs are involved in protein clearance and quality control. In 
fact, major causative mutations in familial PD are linked to genes in the Ubiquitine Proteasomal 
System (UPS) or the Autophagic pathways, including α-synuclein, PINK1, Parkin, and LRRK2. 
UPS is responsible for a highly selective degradation of short-lived intracellular and membrane 
proteins, as well as misfolded or damaged proteins in the cytosol, nucleus or endoplasmic 
reticulum. Specifically, ubiquitin targets suceptible proteins and only the unfolded ubiquitinated 
proteins pass through the narrow pore of the proteasome barrel [178]. The causative link of 
UPS dysfunction in the patogenesis of PD come from the observation that ubiquitin-positive LBs 
were observed in post-mortem analysis of PD patients [89]. In addition, proteasomal activity has 
been found decreased in different brain areas in patients with idiopathic PD [179]. Increased OS 
can lead to impaired function of the UPS, but also familial recessive Parkin mutations have 
shown a decrease in ubiquitin-ligase enzymatic activity in the SNpc [8]. This supports the 
hypothesis that failure of the UPS can lead to the neurodegeneration underlying PD. 
 
On the other hand, protein clearance by means of autophagy is an important process in the 
protein quality control cell system. In contrast to the UPS, the role of autophagy relies on 
maintaining cellular homeostasis by degrading bulky citoplasmic material including damaged 
organelles and misfolded accumulated proteins. Indeed, autophagy is crucial for the clearance 
of aggregated proteins that represent a pathological hallmark of several neurodegenerative 
disorders such as PD [104]. Three different forms of autophagy have been identified: 
macroautophagy, microautophagy and chaperone-mediated autophagy (CMA). Whether 
autophagy has a protective role or contributes to cell death in PD still remains controversial. 
 
Increased concentrations of aggregated α-synuclein in PD suggest a defective handling of 
protein clearance pathways. In vivo evidence suggests that normal soluble α-syn is degraded 
mainly by UPS and CMA [180], whereas more complex conformations, including aggregates, 
are disposed by the autophagy lysosomal pathway [181]. Specifically, α-synuclein and also 
LRRK2 contain a chaperone-mediated autophagy recognition motif, which enables its 
recognition by chaperone HSC70, facilitating a specific translocation into the lysosome through 
the lysosome-associated membrane receptor protein, LAMP2A, thus triggering their 
degradation via the CMA pathway. Dysfunction in CMA has been described in both familial 
[103,182–184], and sporadic PD [173]. Specifically it has been demonstrated that mutant forms 



	 34	

of α-synuclein (A30P and A53T) and of LRRK2 (G2019S and R1441C) are successfully 
recognized and delivered to the lysosomal membrane, but fail to reach the lysosomal lumen 
thus blocking their degradation via CMA [103,182]. Whereas α-syn mutants binds with abnormal 
high affinity to LAMP2A, preventing their own degradation [182], in the case of LRRK2, its 
mutant forms bind with enhanced affinity in the presence of other substrates, interfering with the 
proper organization of the active CMA translocon [103]. Therefore, mutant LRRK2 and α-syn 
not only block their own degradation, but also inhibit the degradation and promote accumulation 
of other CMA substrates [103,182]. In the particular case of mutant LRRK2, it exacerbates the 
intracellular accumulation of α-syn, in part by preventing its clearance through CMA, thus 
promoting its aggregation into toxic oligomers that can further compromise CMA activity in a 
vicious cycle, and contributing to the seeding of the protein aggregates characteristic of PD 
(Fig. 15). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Impairment of CMA by pathogenic α-syn and LRRK2 proteins, contributing to 
neurodegeneration. 
Both α-synuclein and LRRK2 bear CMA-targeting motifs (top), and are degraded by CMA. Mutant forms of these 
proteins bind anomally to LAMP2A, albeit different mechanisms, leading to blocakage of their own degradation as well 
as degradation of other CMA substrates. DA-modified α-synuclein and abnormally high levels of wild-type LRRK2 also 
impair CMA. Moreover, alterations of CMA by mutant LRRK2 show toxic effects on α-synuclein aggregation (modified 
from Cuervo et al., 2014 [104]). 
 
Furthermore, alterations of CMA have also been implicated in sporadic PD. As aforementioned, 
oxidative derivates of DA can modify α-synuclein conformation, and this has been shown to 
reduce the ability to be degradated by CMA, in a similar manner to that of familial α-syn 
mutants. In detail, DA-modified α-syn inhibits its own degradation as well as other CMA 
substrates, promoting its multimerization in toxic oligomeric and protofibrils forms at the 
lysosomal membrane [173]. In addition, in the absence of post-translational modifications, 
increase of cellular levels of either α-syn or LRRK2 far from a tolerable threshold, can have a 
similary inhibitory effect to the CMA activity, even potentiating each other’s toxic effect [103]. It 
is suggested that the accumulation of abnormal α-synuclein acts in a vicious cycle, 
progressively inhibiting the CMA pathway. Therefore, subsequently activation of 
macroautophagy could act as a compensatory mechanism [182], since abnormal presence of 
autophagic vacuoles is observed in brains of PD patients, in comparison with healthy brains 
[185]. 
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As aforementioned, autophagy is also involved in the turnover of dysfunctional mitochondria, 
mainly controlled by Parkin and PINK1, which are responsible of activating mitophagy of 
damaged mitochondria. Loss of function of either Parkin or Pink1 has been found to fail in 
activating mitophagy thus suggesting a common PD pathogenic mechanism. On the other hand 
some in vitro data obtained in neuronal cultures and yeast model of aging also point that wild-
type as well as mutated α-syn aggregates can up-regulate macroautophagy as compensatory 
mechanism aimed to reduce the misfolded portein burden [178]. As a consequence, abormal 
activated autophagy could induce to an undiscriminated clearance of both functional and 
dysfunctional mitochondria, which can lead to pathogenic degradation in the neurites, and 
subsequently neuronal death. 

1.4. Treatment of PD 
To date, Parkinson's disease is still an incurable progressive disease. Current treatments are 
still symptomatic, focused on mitigating the motor affectations caused by the lack of DA in the 
caudate putamen due to the nigrostriatal dopaminergic denervation. Symptomatic treatments 
notably improve quality of life and functional capacity, but they do not cure or halt disease 
progression, and are not effective with non-motor manifestations of the disease. The 
pharmacological substitution of DA with levodopa (L-dopa) is the most widely used treatment for 
PD, although other pharmacological and surgical treatments are recommended in specific 
conditions. 
 
1.4.1. Current treatments: Symptomatic treatments 
Current treatments for PD are divided into pharmacological and surgical treatments. DA 
replacement therapy is the major medical approach for treating PD. Among the variety of 
dopaminergic agents, levodopa remains the "gold standard" treatment for PD motor symptoms 
since its efficacy and tolerability is firmly established for more than 30 years of use in clinical 
practice [186,187]. Specifically, levodopa is a precursor of dopamine, able to cross the blood-
brain barrier, whereas dopamine itself cannot. Once in the brain, levodopa exerts its 
symptomatic benefits through the conversion to dopamine, by the enzyme L-amino acid 
decarboxylase. This strategy allows the restoration of dopamine levels in the striatum and leads 
in many cases to the improvement of motor symptoms. To date, levodopa is routinely 
administered in combination with a decarboxylase inhibitor (Benzerazide, carbidopa), in order to 
prevent formation of dopamine in the peripheral tissues, which can result in adverse effects 
such as nausea and vomiting. Levodopa treatment it is well known to improve motor symptoms 
and patients’ quality of life. Most people can be maintained over the first 5 years of the disease 
on 300-600 mg/d of L-dopa, and motor symptoms initially improve by 20-70%, depending on the 
patient’s condition [1]. However, levodopa has a short half-life in plasma, which eventually 
results in short-duration responses with a "wearing-off" effect (a gradual waning of the effect of 
dopaminergic treatment on motor symptoms before the next dose). Moreover, after 4-6 years of 
chronic treatment, severe motor complications arise. These motor complications specifically 
comprise "on-off" fluctuations (when symptoms can reappear and disappear randomly) and 
dyskinesias (involuntary movements and tics). Non-motor side effects such as confusion, 
hallucinations, and sleep disorders are also present in some patients. Risk factors are levodopa 
treatment itself, younger age at onset (less than 60 years of age), and longer disease duration 
[4,188]. In individual studies, the percentage of fluctuations and dyskinesia may range from 10 
to 60% of patients at 5 years of treatment, and up to 80-90% in later years [187].  
Therefore, motor complications remains a major unmet need for the management of PD 
symptoms. Several treatments have been developed during the last decades, in order to find 
ways to prolong the duration of striatal dopamine receptors stimulation for longer than what is 
achieved by the short half-life of oral levodopa in plasma. On one hand, dopamine agonists 
(Pramipexole, ropinirole, rotigotine, pergolide, and apomorphine) were found to be efficacious to 
delay the occurrence of motor complications when used before levodopa [189,190]. In fact, 
these are popular first-line treatment for young-onset PD patients (under 55 years), although 
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levodopa is later usually necessary within 3 years of diagnosis, when there is not a good control 
of the motor symptoms with the agonist alone. Moreover, supplementation of levodopa with 
dopamine agonists are helpful for smoothing motor fluctuations, and, in many cases, they 
permit lowering levodopa doses. However, the long-term results of the open extensions of those 
trials questioned the clinical relevance of delaying the onset of dyskinesia, since this "protective" 
effect is lost once L-dopa has been initated [191–194]. In addition, DA agonists expose the risk 
of troublesome adverse reactions, including daytime somnolence or impulse disorders. 
Nevertheless, to date new formulations DA agonists such as apomorphine are currently under 
different clinical trials (Table 3).   
 

Drug and 
formulation 

New studies in the 
period 2013-2015 

Main results Safety Development/marketing 
status 

 

New formulations of levodopa 
 
Duodopa 

 
1 R, DB, DD trial vs 
levodopa IR 
 
 

 
Reduced daily OFF-
time, increased “good” 
ON-time 

 
Related to the 
device or infusion 

 
Commercialized in USA and 
Europe 

 
IPX066 

1 R, DB, DD vs levodopa 
IR 
1 R, DB, DD trial vs 
entacapone 
 

Reduced daily OFF-
time, increased “good” 
ON-time 

Same as levodopa 
IR 

Commercialized in USA 

 

New COMT or MAO-B inhibitors 
 

 
Opicapone 

 
2 R, DB, vs placebo or 
entacapone 
 
 

 
Increased L-dopa 
exposure, reduced off-
time 

 
Dyskinesia, 
insomnia, 
dizziness, nausea 

 
In Phase III 

 
Safinamide 

1 R, DB vs placebo Increased “good” ON-
time 

Dyskinesia, 
worsening of PD, 
cataract, back 
pain, depression, 
headache, and 
hypertension 
 

Comercialized in Europe. 
NDA submitted to FDA 

 

New formulation of apomorphine (DA agonist) 
 

 
Inhaled apomorphine 

 
3 R, DB vs placebo 

 
Greater motor 
improvements after a 
single dose 

 
Somnolence, 
yawning, flushing, 
dysgeusia, 
dissiness, 
orthosatic 
hypotension 
 

 
In Phase III 

 

TABLE 3. A selection of new drugs or formulations for the treatment of motor complications in the 
2013-2015 period. DB = double-blind; DD = Double-dummy; IR = Immediate-release; R = Randomized; “Good” ON-
time = ON-time without troublesome dyskinesias (modified from Rascol et al., 2015 [195]). 
 
On the other hand, other compounds have been used as a complement of levodopa in order to  
prevent the breakdown of dopamine, both the endogenous and the product formed from 
levodopa. Particularly, dopamine is also metabolised either by catechol-O-methyl transferase 
(COMT) to form 3-O-methyldopa, or by the enzyme monoamine oxidase B (MAO-B), which 
metabolizes dopamine to 3,4-dihydroxyphenylacetic acid (DOPAC). For this reason, the co-
administration of levodopa together with either COMT inhibitors (Entacapone, Opicapone) or 
MAO-B inhibitors (rasagiline, safinamide) has been found to extend plasma half-life of DA and 
levodopa, thereby prolonging the duration of action of DA therapies (Table 3) [195]. Specifically, 
Safinamide is a novel third-generation MAO-B inhibitor, that also modulates dopamine reuptake 
and glutamate release [196]. Safinamide, as a complement of DA therapies, has been shown to 
significantly improve motor symptoms, activities of daily living, quality of life, and cognition 
ratings compared with placebo [197], proved to be safe [198], and demonstrated to improve 
dyskinesias [199,200]. 
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Furthermore, improving oral levodopa pharmacokinetics or developing new modes of delivery to 
achieve more constant plasma levels may reduce or prevent motor oscillations and drug-
induced dyskinesias (Poewe et al., 2015). For instance, the novel extended release L-Dopa 
(ER-LD) formulations Duodopa and IPX006 (Rytary®) are promising candidates that recently 
have been marketed and approved in Europe and USA in the beginning of year 2015 (Table 3). 
These formulations are thought to be used for the treatment of motor fluctuations in people with 
advanced PD. Specifically, continuous intrajejunal infusion of Levodopa-Carbidopa (LD-CD) 
intestinal gel (Duodopa) circumvents gastric emptying problems and provides more stable 
plasma concentrations than oral formulations. Duodopa has been shown to have a robust 
improvement in motor symptoms, as well as an increase of daily on-time without troublesome of 
dyskinesias, and these effects were maintained up to 2 years. On the other hand, IPX066 
(Rytary®) is a novel extended release LD-CD capsule containing combined immediate and 
sustained-release pellets, that dissolves at different rates along their gastrointestinal passage. 
In different studies, IPX066 has been found to reduce daily OFF-time, compared with 
immediate-release formulations, as well as no increase in dyskinesias, although adverse events 
such as insomnia, nausea and falls were reported in particular cases. However, how far these 
new ER-LD formulations instead of standard LD formulations can impact the delay onset of 
motor complications in advanced PD remains still unknown. 
 
A better understanding of the basal ganglia physiology has led to the development of surgical 
treatments in PD, known as Deep Brain Stimulation (DBS). DBS can provide additional help for 
specific patients whose symptoms are not controlled sufficiently by dopaminergic medications in 
advanced stages of PD. DBS is a surgical treatment involving the implantation of a medical 
device, which can send electrical impulses in a region of the basal ganglia, mainly GPi, the STN  
or the ventral medial nucleus of the thalamus (VIM). The optimal target point for DBS is based 
on the type of motor symptoms of each patient manifests (Table 4). 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Target selection criteria for Deep Brain Stimulation Criteria in PD. 
(from Limousine et al., 2009). 
 
In 1987, VIM became the first target in the modern era of DBS, which allowed a clear and 
immediate effect on tremor, although no effects in dyskinesia, motor fluctuation, rigidity and 
bradikinesia. Later in the 90's, other regions for DBS became available. Specifically, both STN-
DBS and GPi-DBS are an effective option to improve motor symptoms and manage long-term 
motor complications resulting from levodopa treatment (Weaver et al., 2012), although only 
STN-DBS allows a reduction of the levodopa dosage (Follet et al., 2010; Okun et al., 2012). 
However, this strategy presents mainly two limitations. First, it is only suitable for a small group 
of patients. For instance, preoperative indicators for a good outcome are younger age and 
shorter disease duration (Schüpbach et al., 2013), as well as high levodopa-response 
(Bronstein et al., 2011).  More important, dementia and other psychiatric problems are the most 
common exclusion criteria (Bronstein et al., 2011). In fact, decisions for or against DBS should 
be individualized, taking into account the degree of disability, risk factors for complications, 
general life expectancy and patient's motivation. For example, GPi-DBS is especially 
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considered for those patients with risk of psychiatric problems after STN-DBS, and a preferred 
choice in the older population (Limousine et al., 2008). Moreover, VIM-DBS can be a useful 
treatment for patients with a more severe tremor, who are also not suitable for other DBS 
strategies (Limousine et al., 2008). Second, as with dopaminergic treatments, DBS has only a 
symptomatic effect and does not alter the progression of the disease. Moreover, after five years 
after DBS, many features decline with disease progression, as gait, balance, cognitive functions 
and speech often deteriorate, and a number of patients also develop dementia (Limousine et al 
2008). 
 
1.4.2. Disease-modifying drugs for PD. What is in the pipeline? 
The drug development pipeline for PD has been, and remains, largely focused on symptomatic 
treatment. Progress in this area has been steady over the past 10 years [201]. Phase I clinical 
trials show a trend toward increasing year over year, and the number of phase II and phase III, 
despite some fluctuations year-to-year, remains essentially stable. Moreover, over the last 
decade there has been an average of 4.7 new molecular entities entering phase I and phase III 
clinical trials each year, and 9.6 new molecular entities entering the phase II annually. However, 
these data do not discriminate between drugs designed for symptomatic treatments and those 
for disease-modifying therapies [202]. 
 
Furthermore, recent advances in the genetic contribution of Parkinson's have helped in the 
identification of new potential therapeutic targets and strategies that have fed into the drug 
development pipeline, which eventually could converge with the common pathogenesis of the 
disease [202]. These new therapies, that might be called "experimental", including also cell 
replacement therapies and gene therapy for PD, are currently being tested in animal models 
and small groups of PD patients in order to assess their efficacy and reliability. 
 
Coenzyme Q10 and Creatine 
Targeting mitochondria functionality or enhancing neuron bioenergetics might be considered 
strategies to protect neuronal death in PD. For instance, drugs pointing to this strategy comprise 
the electron carrier for complexes II/I Coenzyme Q10, and Creatine, which once converted to 
phosphocreatine, can act as a short-term energy source. Unfortunately, clinical trials comprising 
these two compounds were futile in their primary outcomes [203]. However, the major role that 
mitochondrial dysfunction plays in PD should not exclude other attempts that are currently 
ongoing (Table 5). 
 
PPAR-γ and GLP-1r agonists  
A recent meta-analysis of changes observed in post-mortem human PD samples pointed that 
PGC1α is a potential target for disease intervention [112]. Therefore fine-tune regulation of 
endogenous PGC1α in neurons by different compounds may be a good strategy to pursue, 
since PGC1α is considered an important regulator of mitochondrial biogenesis and energy 
metabolism. In particular, PPAR-γ agonists, such as rosiglitazone and pioglitazone, are 
commonly used in the treatment of Type II diabetes (T2D), and they were thought to have 
potential also for the treatment of PD [204]. Preclinical studies showed that rosiglitazone 
protects DA neurons toxic animal models of PD, and pioglitazone can improve parkinsonian 
syndrome in rhesus monkeys [205,206]. Both drugs have shown to reduce the production of 
proinflammatory cytokines by reactive microglia [148,207]. Moreover, a recent epidemiological 
study on people with T2D revealed a lower incidence of PD in patients on glitazone drugs [208]. 
However, pioglitazone underwent a multi-center, double-blind phase II clinical trial in early PD 
patients, and failed to shown any improvement of the disease outcome [209], thus suggesting 
that the preclinical neurotoxin-inducing neuroinflammatory models may not reflect the human 
condition of PD (Table 5) [210]. 
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Study 

 
Drug 

Mechanism 
of Action 

 
Trial Design 

 
Subjects 

Follow-up 
Period 

Primary 
Outcome 
Measures 

 
Results/ 
Status 

 
PSG et al., 
2014 
 

 
Coenzyme 
Q10 (1200 
mg/d or 2400 
mg/d) + 
vitamin E 
(1200 IU/d) 

 
Bioenergetic 

 
Multi-center, 
randomized, double-
blind, placebo-
controlled, phase III 
trial 
 

 
Early PD 
subjects not 
requiring DA 
therapy 
(n=600) 

 
16 months 

 
Change in total 
UPDRS score 

 
Prematurely 
terminated due to 
futility 

 
NET-PD et al., 
2015a 

 
Creatine 
(10g/d) 

 
Bioenergetic 

 
Multi-center, 
randomized, double-
blind, placebo-
controlled, phase III 
trial 
 

 
Early PD 
subjects not 
receiving DA 
therapy 
(n=1741) 

 
4 years 
(median) 

  
Difference in 
decline of 
clinical status 
defined by 5 
outcome 
measures 
 

 
Prematurely 
terminated due to 
futility 

 
NET-PD et al., 
2015b 
 

 
Pioglitazone 
(15 mg/d or 
45 mg/d) 
 

 
PPAR-γ agonist 

 
Multi-center, 
randomized, double-
blind, placebo-
controlled 

 
Early PD 
subjects on 
rasagiline or 
selegiline 
(n=210) 
 

 
44 weeks 

 
Change in total 
UPDRS score 

 
Futility 

 
NCT02168842 

 
Isradipine 
(immediate 
release; 10 
mg/d) 

 
Dihydropyridine 
calcium 
channel blocker 

 
Multi-center trial 
(USA, Canada), 
randomized, double-
blind, placebo-
controlled, phase III 
trial 
 

 
Early PD 
subjects not 
requiring DA 
therapy 
(n=336) 

 
36 months 

 
Change in total 
UPDRS score 

 
Recruiting 

 
NCT02424708 
 

 
GSH 
(intranasal; 
300 mg/d or 
600 mg/d) 

 
Antioxidant 

 
Dual-center (USA), 
randomized, double-
blind, placebo-
controlled,   phase II 
trial 
 

 
PD subjects 
(n=45) 

 
12 weeks 

 
Change in total 
UPDRS score 

 
Recruiting 

 
NCT01470027 
 

 
N-acetyl-
cysteine 
(1800 mg/d 
or 3600 
mg/d) 

 
GDH precursor: 
Antioxidant 

 
Single-center (USA), 
randomized, double-
blind, placebo-
controlled, phase I/II 
trial 
 

 
PD subjects on 
no medications 
for PD (n=60) 

 
4 weeks 

 
Change in 
cerebral GSH 
levels 
measured by 
proton 
magnetic 
resonance 
spectroscopy 
 

 
Recruiting 

 
NCT01174810 

 
Exenatide 
(5-10µg/ 
twice a day) 

 
GLP-1R 
agonist 
 

 
Open-label, single-
center, randomized 
controlled phase II 
trial 

 
Moderate PD 
patients (n=45) 

 
12 month  
 

 
Effect on motor 
and cognitive 
functions 
 

 
Improvements at 12 
months with 
persistent effects 
after 12 months of 
drug withdrawal  
 

 

Table 5. Clinical trials of disease-modifying therapies for PD from 2013 to 2015. 
(modified from Kalia et al., 2015 [203]) 
 
Other T2D compounds, such as agonists of the glucagon-like peptide R1 receptor (GLP-1R) 
system have been shown to be neuroprotective in PD models as well as in other brain diseases 
[78,211]. Specifically, A proof-of-concept clinical trial that enrolled 45 patients with moderate 
disease, were subcutanously injected with Exenatide for 12 months. Treated subjects had a 
mean improvement in motor and cognitive functions, and the drug demonstrated reasonable 
safety [211]. However, limited conclusions can be drawn from this study, since there is a lack of 
placebo controls, therefore additional clinical trials have been considered and are on the way 
(Table 5). 
 
Antioxidant and antiiflammatory compounds 
Furthermore, antioxidant and antiinflammatory properties of different drugs have also been 
studied for their potential as a disease-modfying therapy for PD. First, it has been shown that 
early PD patients with higher plasma urate levels, confers antioxidant properties [212,213], 
confering to these patients a slower disease progression. A precursor or urate called Inosine, 
has been found to elevate urate levels and to be safe in a select population of early PD patients, 
supporting further investigation of this compound as a potential disease modifying therapy [214]. 
Second, the use of calcium channel blockers has been associated with reduced risk of 
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developing PD [215]. In particular, Isradipine is a dihydropyridine calcium channel blocker with 
relatively high affinity for Cav1.3 channels, approved for treatment of hypertension. In a phase II 
random clinical trial (RCT) 12 month study, Isradipine has been well tolerated with few adverse 
effects, and to date, a phase III RCT is currently ongoing to assess its efficacy as a disease 
modifying therapy in PD (Table 5). Third, gluthathione (GSH) is an endogenous antioxidant 
within the brain, and loss of GSH has been implicated in PD. To date, a phase I/II study is 
underway evaluating whether GSH levels are decreased in PD subjects by using proton 
magnetic resonance spectroscopy, as well as to assess if levels of GSH can increase after 
supplementation with N-acetylcysteine, a GSH precursor (Table 5) [203]. 
 
On the other hand, targeting microglia activation, the increased production of ROS and pro-
inflammatory cytokines, using drugs or neuroprotective substances is therefore a valid path to 
consider for therapy. Interestingly, the study of and evaluation of large ochorts of individuals, 
those who use non-steroidal anti-inflammatory drugs (NSAIDs), specifically ibuprofen, have 
been found to exhibit a lower risk of developing PD. Indeed, treatment with NSAID’s is 
protective in toxic animal models, thus suggesting an association between anti-inflammatory 
treatments and a decrease in the potential of developing PD. In addition to NSAID’s, 
Minocycline possesses potent neuroprotective and anti-inflammatory activity in various 
inflammatory rodent models in PD, and it has been carried into clinical trials as well. 
Specifically, analysis of patients following minocycline treatment suggests that microglial 
activation was perturbed, however motor assessments failed to show any clinical benefit, thus 
suggesting that anti-inflammatory agents by themselves fail to improve the motor clinical 
outcomes in the human condition of PD [210]. 
 
Targeting implicated genes on PD 
Several of the genetic loci directly implicated in PD are currently the subject of drug 
development efforts. On one hand, accumulating genetic evidence implicates dysfunction of 
kinase activities and phosphorylation pathways in the pathogenesis of PD. For instance, 
targeting LRRK2’s kinase function has generated a lot of interest from both pharmaceutical and 
research institutions. Several studies have shown that is feasible to design highly selective 
LRRK2 inhibitors capable of crossing the blood brain barrier, thus being LRRK2 an attractive 
target for PD therapeutics [216]. Although the study of LRRK2 inhibitors is still in a preclinical 
stage, recent studies have move forward in the characterization of the potential safety and 
efficacy liabilities of different promising small molecules that selectively target LRRK2 kinase 
activity. However, lung toxicity may be the primary clinical safety liability of LRRK2 kinase 
inhibitors in patients, since this effect was seen in LRRK2 KO mice [217], and when treating 
with specific LRRK2 inhibitors in non-human primates [218]. Interestingly, Fell and colleagues 
described a highly selective LRRK2 inhibitor called Mli-2. When administered in-diet during 15 
weeks, Mli-2 was found to achieve chronic LRRK2 inhibition in rodents. MLi-2-induced LRRK2 
inhibition was well tolerated since no adverse effects on body weight, food intake, or 
behavioural activity were observed, although a mild phenotype in lung cells similar to the one 
found in LRRK2 KO mice was found [219]. Concurrently, Daher and colleagues developed a rat 
model of lentiviral overexpression of α-synuclein, in which they demonstrated that G2019S 
LRRK2 expression exacerbates α-syn-induced neuroinflammation and dopaminergic 
neurodegeneration, and that these effects can be reverted by chronic in-diet administration of a 
potent LRRK2 inhibitor, developed by Pfizer (PF-06447475) [151]. In particular, this LRRK2 
inhibitor demonstrated a clear superiority in potency, specificity, and bioavailability compared 
with other published LRRK2 kinase inhibitors [218,220]. Moreover, no abnormalities such as the 
ones observed in LRRK2 KO rats or in non-human primates treated with LRRK2 kinase 
inhibitors were found after a 4-week period of time. However, tolerability and safety of LRRK2 
kinase inhibitors needs further evaluation, particularly in non-human primates [218]. Likewise, 
setting the time-onset and dosage, as well as the primary outcomes to assess on-target LRRK2 
inhibition in human clinical trials still need to be identified. 
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On the other hand, extracellular α-syn might play a crucial role in PD when its missfolded forms 
are transferred from one neuron to another [221]. Therefore, immunotherapy focused on 
clearing extracellular forms of α-synuclein has been proposed [222]. Specifically, 
immunotherapeutic approaches are aimed to target and enhance the clearing of misfolded or 
post-translationally modifed α-syn. Preclinical studies along these research lines have shown 
promising results [223,224]. In particular, α-syn overexpressing transgenic rodent models have 
demonstrated the capability of antihuman α-syn to ameliorate doaminergic neuronal cell loss, 
decrease microglial activation, as well as reduce levels of protein propagation, and attenuating 
also motor deficits [225,226]. 
 
 
Study 

 
Drug 

Mechanism 
of Action 

 
Trial Design 

Estimated 
Enrollment 

Follow-up 
Period 

Primary 
Outcome 
Measures 

 
Status 

 
NCT02216188 

 
PD01A + Adjuvant 
(sucutaneous 
injection; 15µg or 
75µg booster x1) 

 
Active 
immunization 
against α-
syn 

 
Single-center 
(Austria), 
randomized, single-
blind, follow-up, 
phase I trial 

 
PD subjects 
who previously 
received 
PD01A and 
untreated 
controls (n=32) 

 
6 months 

 
Safety and 
tolerability 

 
Enrolling 
by 
invitation 

 
NCT01885494 
 

 
PD01A + Adjuvant 
(subcutaneous 
injection; 15µg or 
75 µg x4) 
 

 
Active 
immunization 
against α-
syn 

 
Single-center 
(Austria), 
observational, 
follow-up, phase I, 
extension trial 

 
PD subjects 
who previously 
received 
PD01A and 
untreated 
controls (n=32) 

 
52 weeks 

 
Safety and 
tolerability 

 
Active but 
not 
recruiting 

 
NCT02267434 

 
PD03A + Adjuvant 
(subcutaneous 
injection; 15µg or 
75 µg x4)  

 
Active 
immunization 
against α-
syn 

 
Dual-center 
(Austria), 
randomized, single-
blind, placebo-
controlled phase I 
trial 

 
Early PD 
subjects (n=36) 

 
52 weeks 

 
Safety and 
tolerability 

 
Recruiting 

 
NCT02095171 
NCT02157714 

 
PRX002 
(intravenous 
infusion) 

 
Passive 
immunization 
against α-
syn 

 
Multi-center (USA), 
randomized, double-
blind, placebo-
controlled, phase 1 
trial 

 
PD subjects 
(n=60) 

 
6 months 

 
Safety and 
tolerability; 
several 
pharmacokin
etic 
parameters 
 

 
 
Recruiting 

Table 6. Ongoing clinical trials based on immunotherapies against α-synuclein. 
(Modified from Kalia et al., 2015). 
 
Currently, various immunotherapies based upon active (injection of recombinant α-syn) and 
passive immunization (injection of domain-specific anti-α-syn antibodies) procedures are in 
clinical testing or are being planned for PD patients (Table 6). For instance, Roche and Protena 
further developed and commercialized PRX002 to specifically target α-syn. A phase I clinical 
trial was recently completed, finding that the vaccine was safe and well tolerated. Administration 
of the antibody was associated with a rapid and dose-dependent reduction of free serum α-syn 
levels, with no more than 10% subjects under adverse effects. A promising second phase trial is 
underway in order to assess dose response, tolerability, pharmacokinetics, exploratory 
biomarkers and immunogenicity [210]. 
On the other hand, AFFITOPE PD01A, is va accine developed to produce antibodies that are 
specific for phosphorylated form of α-syn, responsible for the induction of a neurotoxic 
proinflammatory cascade through microglial activation. Phase I clinical trial was completed, safe 
and tolerable, and half of the patients developed α-syn antibodies suggesting that the vaccine is 
effective as well. Further investigations are underway to test its clinical benefits in PD, among 
other parkinsonian-associated diseases. Altogether, these studies show that α-syn-targeted 
immunotherapies may have the potential to attenuate neuroinflammatory-associated 
neurotoxicities and as such, delay dopaminergic neurodegeneration associated with PD [210]. 
However, some pitfalls targeting α-syn must be on consideration. T cell infiltration, as well as 
altered IgG production and ehanced MHCII expression has been found [225], thus suggesting 
that antibody-mediated therapies might contribute to an inflammatory state operative during PD. 
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Moreover, given that α-syn is a remarkably abundant protein in the brain and blood, and its 
normal physiology is not well elucidated, non-specifically lowering α-syn levels could have 
biological serious consequences. Therefore a robust immune response without cross-reactivity 
with common nonpathogenic forms of α-syn is preferable. In addition, targeting a host self-
protein is much more challenging than protecting the host from foreign antigens. If safety of α-
syn-targeted immunotherapies can be well established, further development to more specifically 
target of the toxic forms of α-syn is expected [210]. 
 
1.4.3. Cell replacement therapies 
Alternatively, cell replacement therapies (CRT) are aimed to restore and replace the DA-
secreting cells in the damaged striatum and SNpc, thus recovering DA supply in the striatum 
and replacing the function of DA neurons lost during the course of the disease. Conceived as a 
long-lasting therapy to substitute pharmacological treatment, in the last 20 years, approximately 
300-400 PD patients have been transplanted with human fetal mesencephalic tissue and results 
have varied from success to failure. Human fetal mesencephalic tissue contains DA progenitors 
that are committed to DA neuron fate, and the risk of tumorigenicity seems to be low or absent 
[227]. In 1990s, in the best cases, patients were able to withdraw their anti-parkinsonian 
medications, since dopamine signalling was restored in the grafted striatum, with the 
reactivation of relevant cortical motor areas [228,229]. These encouraging results provided 
proof-of-principle that CRT could become a feasible therapy for PD. However, when including 
more complex clinical trials, such as double-blind, controlled trials [230], or patients with 
moderately advanced PD [231], the results were from modest to no recovery. In fact, in some 
cases human fVM transplants did not demonstrate significant improvements in patients with PD, 
especially when compared with newer surgical approaches such as DBS in that moment [232]. 
In addition, adverse effects raise in the form of graft-induced dyskinesias (GID) in some cases 
[231], due to either non-homogenous distribution of DA cells across the striatal complex, giving 
rise to hot spots of innervation [233], or presence of grafted innervated serotonergic neurons 
that release dopamine in an unregulated fashion [234]. However, several factors emerged that 
were associated with positive outcomes in this surgery, which includes younger age and less-
advanced disease clinically, preserved striatal DA innervation, receipt of grafts with more than 
100000 or more DA nigral neurons, adequate immunotherapy to avoid rejection of the graft, and 
a grafting technique that allowed an homogenously innervation of the damaged striatum [227]. 
In fact, it has been demonstrated that in some cases grafted DA neurons could survive for as 
long as 16 years after transplantation [84–86]. Interestingly, in one of these studies in post-
mortem brains of PD patients that had been transplanted 9-14 years before, disease-free DA 
neurons (no Lewy Body) were found [86]. On the other hand, LB and α-synuclein aggregates 
were found in grafted cells of patients that were transplanted 11-16 years before [84,85], as well 
reduced dopamine staining, thus suggesting the aforementioned hypothesis of host-to-graft 
disease propagation [22]. However, since no host-to-graft propagation can happen in patients 
surviving 10 years after transplantation [86], this indicates that CRT could have a longer 
therapeutic window than current symptomatic treatments, and even longer in some cases 
(Figure 16). 
 
The main limitation of this CRT is the source of the donor tissue. Human fetal mesencephalic 
tissue is obtained from 6-9 week-old aborted human fetuses; therefore ethical implications to 
this approach are evident. In addition, the amount of aborted fetuses needed per patient can 
vary from 6 to 10 fetuses, and the survival of DA cells after transplantation, in the best cases 
reached a 10% of the transplanted cells [235]. Therefore, there is a need of alternatives of cell 
sources of A9 DA neurons in large supply, with less ethical contentious, that eventually could 
garantee a feasible transplantation in terms of safety and efficacy, for treating PD. Human 
pluripotent stem cells (both human embryonic stem cells (hESC) and induced pluripotent stem 
cells (iPSC)) meet these criteria. 
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Figure 16. Timeline of cell-based therapies for use in patients with PD, highlighting the 
key preclinical and clinical studies. 
Yellow boxes: Trials of human fetal tissue transplants 
Blue boxes: Trials involving cells from other sources 
Abbreviations: AM = Adrenal medullary; fVM = fetal ventral mesencephalic; GIDs = graft-induced dyskinesias; hfVM = 
human fVM; hRPE = human retinal pigmentary epithelial (modified from Barker et al., 2015 [227]).  
 
A number of protocols have been developed in which hESC-derived neural progenitor cells 
were patterned in co-culture with murine stromal cell lines such as PA6 and MS5 [236–239], 
with astrocytes [240], or cultured with fibroblast growth factor 8 (FGF8) and sonic hedgehog 
(SHH) [241]. Some of these early protocols produced relatively high numbers of TH-positive 
neurons that were capable of releasing dopamine, but none of them generated cells co-
expressing two transcription factors required for proper midbrain dopaminergic neuron 
specification, namely, FOXA2 and LMX1A. Moreover, the incomplete and non-synchronized 
differentiation of the cells led to tumour formation in vivo in some cases [239,240]. 
In 2006, the demonstration that pluripotency can be induced in human fibroblasts sparked a 
major revolution in the field [242]. Induced pluripotent stem cells (iPSCs) have become a source 
of patient-specific and disease-specific neurons, specially as, in theory, this approach would 
avoid many of the ethical issues associated with making hESC lines. However, like hESC-
derived dopaminergic neurons, the midbrain properties of the cells were unclear, and their in 
vivo performance in standard animal models of PD was modest [243,244]. It is only recently that 
it has been possible to obtain efficient generation of authentic midbrain dopamine neurons from 
human ES cells. The protocols recently developed by Kriks and Kirkeby are particularly 
promising [245,246]. The procedure is based on a floor plate intermediate [247], and involved 
stepwise exposure of the cells to extrinsic factors activating sonic hedgehog (SHH) and Wnt 
signaling, in combination with neuronal differentiation survival factors, such as Brain-derived 
neurotrophic factor (BDNF), Glial cell-derived neurotrophic factor (GDNF), ascorbic acid, and 
cyclic adenosine monophosphate (cAMP). The cells generated in these protocols express all 
markers of authentic midbrain dopamine neurons and they have been shown to survive and 
function after transplantation to the striatum, in both rodent and primate PD models [245,246]. 
Rigorous preclinical testing in animal models of PD has shown that these floor plate-derived 
dopaminergic neurons can function with equal potency and efficacy as fetal dopaminergic 
neurons [248]. Importantly, they have a remarkable capacity for long-distance, target-specific 
outgrowth. In addition the protocol is quite fast, efficient and synchronized, thus circumventing 
the problems of tumour formation and neural overgrowth seen with the older protocols. Based 
on these promising findings, improving and standarizing these protocols, and adapting them to 
good laboratory practice (GLP)/GMP conditions, will be able to move this technology closer to 
clincial translation [227]. 
Furthermore, the use of integration-free iPSC in this regard, encourages the performing of CRT 
with autografts in PD patients, with no need to use immunosuppressive drugs when cell 
replacement surgery is performed. Recently, the autologous transplantation of iPSC-derived 
neurons into the striatum of healthy non-human primates has been demonstrated to be 
advantageous when compared to allogenic grafts, at least in terms of immune response and cell 
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survival [249]. However, some concern regarding mutations or epigenetic markers in cells that 
can persist should be taken, since patient-derived iPSC are still more vulnerable to PD 
[102,250]. Therefore the future cell therapeutic strategies should pay attention to the correct 
epigenetic status of the reprogrammed dopaminergic cells, especially when using patient’s own 
cells. However, the very recent development of gene editing tools could help in solving this 
problem [251]. 
 
1.4.4. Neuroprotective treatments using neurotrophic factors: GDNF and NRTN. 
Neuroprotection is a therapeutic strategy intended to slow or cease neuronal loss and, 
therefore, to alter the natural progression of the disease. Contrary to symptomatic treatments, 
neuroprotective therapies are aimed to act on the pathogenic mechanisms underlying the 
clinical manifestations of the disease. Neurotrophic factors (NTFs) have been considered for 
many years promising targets for neuroprotection in neurodegenerative disorders, although they 
still need to be translated into viable clinical trials. Several neurotrophic factors have been 
described such as nerve growth factor, brain-derived neurotrophic factor (BDNF), astrocyte-
derived neurotrophic factor, among others. However, the most promising ones are the glial cell-
derived neurotrophic factor (GDNF) family members: both GDNF itself and its structurally 
related trophic protein neurturin (NTRN), have become the most extensively studied 
dopaminergic NTFs to date [252]. 
GDNF and NRTN, as well as the other GDNF-family ligands artemin and persephin, are distant 
members of the transforming growth factor-β (TGF-β) superfamily [253]. GDNF-family ligands 
share the receptor tyrosine kinase Ret. However, activation of Ret requires the association with 
GDNF Family Receptor alpha (GFRα), of which four subtypes have been described with 
different affinities for each ligand. In particular, GDNF homodimer specifically binds to two 
GFRα-1, forming a high affinity complex with the recruitment of Ret. With the formation of the 
Ret-GFRα-1 complex, transphosphorylation of Ret tyrosine kinases residues is induced, which 
in turn activates downstream signaling molecules, such as the mitogen-activated protein kinase 
RAS/ERK1-2/MAPK pathway, and the phosphatidylinositol 3-kinase PI3K/Akt/mTORC1, thus 
triggering several cellular pathways involved in apoptosis, metabolism, and redox homeostasis 
[253–255] (Fig. 17). Moreover, it is also known that ablation of Ret does not produce a 
phenotype similar to GDNF-deficiency [256], since GDNF can also bind to an alternative 
signaling system when GFRα-1 form a complex with the receptor NCAM-140 [257]. However, 
the role of this alternative complex on dopamine neurons remains unclear [255]. 
GDNF properties were first described in 1993, when Lin et al. observed a specific triggered 
action by GDNF on the survival of in vitro rat E16 midbrain DA neurons, selectively stimulating 
dopamine uptake and neurite outgrowth in tyrosine hydroxylase positive (TH+) neurons [258]. 
Interestingly, the study of gene-deleted animals have revealed that GDNF, GFRα-1, as well as 
RET KO mice die after birth due to a lack of kidney development [259–261]. However, those 
animals have an intact nigrastriatal dopaminergic system, thus suggesting that GDNF is not 
crucial for the embryonic development of DA neurons [261]. On the other hand, conditional 
deletions of GDNF in the adult mice revealed that GDNF is absolutely required for the survival 
of DA neurons throughout the adult life of mammals [262]. 
Subsequently, initial in vitro observations were followed by preclinical studies of GDNF effects 
on PD animal models based on toxin-induced damage of midbrain DA neurons. Given that 
GDNF does not cross the blood brain barrier, initial in vivo studies were based in the injection or 
infusion of recombinant GDNF directly into the brain. Several independent studies reported 
neurochemical and behavioral motor improvements in unilaterally 6-OHDA-lesioned rats 
following administration of GDNF [263–266]. More increasing evidence of the potent 
neurotrophic properties of GDNF come from the first non-human primate data in a MPTP-
induced parkinsonian monkey model, showing functional improvement of parkinsonian features 
along with increased levels of striatal DA in GDNF-treated monkeys [267]. 
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FIGURE 17. Schematic representation of the main signaling pathways involved in the 
neuroprotective action of GDNF on DA neurons. 
Gdnf mainly stimulates the GFRα1-RET coupling, which triggers intracellular kinase signaling cascades leading to pro-
survival genes expression, calcium signaling and pro-apoptosis factors inhibition. Dashed arrows indicate indirect 
stiumulation or inhibition. 
Abbreviations: Akt = Protein Kinase B; Bcl-2 = B cell lymphoma 2; Casp-3 = Caspase-3; c-Src = proto-oncogene 
tyrosine-protein kinase Src; ERK = extracellular signal-regulated kinase; HO1, heme oxygenase 1; IP3 = inositol tri-
phosphate; JNK = c-Jun N-terminal kinase; MEK = mitogen extracellular signal-regulated kinase; NF-κB = nuclear factor 
κB; PI-3K = phosphatidylinositol 3 kinase; Raf = Raf kinase; ROS = reactive oxygen species (from d’Anglemont de 
Tassigny et al., 2015 [255]) 
 
Altogether, the encouraging performance of GDNF in both in vitro and animal studies opened a 
new perspective for PD pathogenesis and therapy, and early intracerebral application of this 
protein was examined in human clinical trials. However, since NTFs do not cross the blood-
brain-barrier, and are rapidly biometabolized in vivo, clinical application requires them to be 
delivered intracerebrally. 
In 2003, recombinant human GDNF (Liatermin®, Amgen Inc.) was infused intraventricularly in 
38-50 patients enrolled in a randomised, placebo controlled double-blind trial [268]. 
Unexpectedly, intraventricular GDNF delivery did not elicit significant motor improvements but 
resulted in strong adverse effects, such as depression, anorexia, nausea and vomiting. 
Postmortem analysis in one patient revealed a very poor biodistribution and bioavailability of the 
injected GDNF, making unlikely to elicit any effect in the striatum or SN. On the other hand, 
positive results were found in two open-label trials, when these studies infused GDNF directly 
into the putamen instead of intraventricularly [269,270]. A significant motor improvement in both 
on- and off-medication phases was found in patients with advanced PD, and, importantly, there 
was no suffering from the aforementioned severe events. Unfortunately, the success of these 
open-label trials were mitigated when an Amgen Inc. sponsored randomised, placebo-controlled 
phase II trial using intraputaminal delivery of GDNF did not reproduce the promising therapeutic 
effects from previous open-label trials, due to a lack of significant motor improvements between 
the GDNF-treated and the placebo group [271]. Indeed, this trial was prematurely halted, when 
it was reported that some patients enrolled in this study developed neutralizing antibodies, 
which could potentially cross-react with endogenous GDNF, whereas in a parallel toxicology 
study some monkeys developed cerebellar damage [272]. The problems derived from delivering 
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NTFs to brain cells across the blood-brain-barrier have hampered the progress in using these 
molecules as a neurorestorative trophic treatment. In fact, it seems challenging and 
unsustainable to treat a chronic disorder, such as PD, by a regular and rudimentary injection of 
high doses of GDNF directly into the brain. During these last ten years, alternative and 
innovative delivery methods have been developed and tested in order to exploit the benefit of 
the potent trophic action of GDNF on DA neurons in a more reliable manner (Fig. 18) (reviewed 
elsewhere [255]). 
 

 
Figure 18. Schematic 
summary of GDNF-delivery 
strategies tested in human 
PD patients and rodent 
models. 
Abbreviations: AAV = adeno-associated 
virus; Ad = adenovirus; LV = lentivirus; 
Lf = Lactoferrin; SNpc = Substantia 
nigra pars compacta; DA = Dopamine; 
Cd, Caudate nucleus; Put = Putamen; 
BBB = Blood-brain-barrier (from 
d’Anglemont de Tassigny et al., 2015) 
 
 
 
 
 
 
 
 
 

 
It has not been until 2013, that after following a safety trial enrolling 6 PD patients, a new phase 
II clinical trial involving 36 patients was initiated at the Frenchay Hospital in Bristol (UK), 
implementing a novel infusion strategy for GDNF protein (EUCTR2013-0038). The trial is still 
ongoing (Table 7), and it uses an optimised delivery port, aiming to overcome the problems 
encountered in the previous trial [273]. 
In parallel with the studies based on delivery of GDNF peptide, considerable efforts in the 
preclinical stage have been made towards the development of in vivo gene transfer by 
recombinant viral vectors expressing the Gdnf gene. The vector construct harbors a cassette 
that contains the gene of interest, but lacks the viral genome machinery, thus impeding the virus 
replication and the likelihood of immune response. Therefore, the modified virus can be injected 
directly into the desired brain region. As aforementioned, the human chronic condition of PD 
requires a continuous therapy over the course of months, years or probably during the whole life 
of the patient, in order to sustain DA neuron survival and function [252]. Adenoassociated virus 
serotype 2 (AAV-2) and lentivirus (LV) are the most promising candidates to provide a sustained 
long-term expression of a gene such as GDNF, in the absence of troublesome inflammatory or 
immune reactions. In particular, AAV vectors have been successfully used for gene transfer into 
the brain of rodents and nonhuman primates (NHP), and are very effective in transducing 
neurons in the SN, GP and Striatum [274]. In addition, AAV is known to be safe in humans, 
many of whom already harbor the virus [252]. Interestingly, the use of AAV-GDNF have shown 
to protect DA neurons after toxic lesions in rodent (6-OHDA) and also successfully confirmed in 
non-human primates (MPTP) . Specifically, although both SN and striatal delivery of AAV-GDNF 
injections promote neuroprotective effects of nigral neurons, only when AAV-GDNF is 
transduced in the striatum, is capable to promote the preservation of the striatal dopaminergic 
fibers, and importantly the recovery of motor functions [275]. More important, AAV-GDNF 
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treatment is also effective when administered after the neurodegenerative process is initiated in 
both rodents and, more importantly, in non-human-primate monkeys, thus partially restoring 
both motor and striatal dopaminergic function. Specifically in non-human-primate monkeys, the 
work of Bankiewicz group has focused in the optimization of a novel AAV2-GDNF delivery [276] 
using a system mediated by convection-enhanced delivery (CED) [277], and have shown 
promising results. To date, a phase II clinical trial using this novel delivery method is currently 
ongoing (NCT01621581) (Table 7) [273]. 
 

Study/Clinical
-trials.gov ID 

Condition Trial Design Subjects 
enrolled 

Results/Status 

 
Nutt et al., 2003 
[268] 

 
Intraventricularly infusion 
delivery of GDNF (range of 
doses from 25 to 4000 µg/d) 

 
Randomised, 
placebo controlled 
double-blind multi- 
center trial 

 
PD patients 
(n=50) 

 
No motor improvements; strong adverse 
effects (depression, anorexia, nausea 
and vomiting) after 8 months of 
treatment. 
 

 
Patel et al., 2005 
[269] 

 
Intraputaminal bilateral direct 
infusion of GDNF (doses from 
14,4 to 28,8 µg/d) 

 
Open-label phase I 
trial 

 
PD patients 
(n=5) 

 
Sustained and progressive improvement 
in motor symptoms and no serious 
adverse side effects afer 1 year of 
treatment 
 

 
Slevin et al., 
2005 
[270] 
 

 
Intraputaminal unilateral direct 
infusion of GDNF (30µg/d) 

 
Open-label phase I 
trial 

 
Advanced 
PD patients 
(n=10) 

 
Significant motor improvement in both 
on- and off-medication phases, without 
severe side effects after 6 months of 
treatment. 
 

 
Lang et al., 2006 
[271] 

 
Intraputaminal bilateral direct 
infusion of GDNF 
(15µg/d) 

 
Randomised, 
placebo-controlled 
phase II trial 

 
Advanced 
PD patients 
(n=38) 

 
No clinical benefit when compared with 
placebo-treated patients, and the 
presence of an immunological response 
against recombinant GDNF prematurely 
halted the clinical trial. 
 

 
EUCTR2013-
0038 

 
Recombinant GDNF (9-11 
mg/ml) intermittent bilateral 
intraputamen infusions via 
convection enhanced delivery 
(CED) 
 

 
Open-label, 
controlled, Phase II 
trial 

 
PD patients 
(n=42) 

 
Ongoing Phase II, with the aim on 
studying the Effect on OFF-state motor 
function between 18 months and 9 
months of treatment 

 
 
NCT01621581 

 
AAV2-GDNF (convection 
enhanced delivery (CED) to 
bilateral putamen) using 4 
different doses 
 

 
Single-center 
(USA), open-label, 
dose escalation 
safety study, 
phase I trial 

 
Advanced 
PD subjects 
(n=24) 

 
Recruiting for Safety and tolerability and 
several clinical measures 

 
Marks et al., 
2010  [278] 

 
AAV2-Neurturin (injection into 
bilateral putamen) 

 
Multicenter, 
double-blind, 
phase II 
randomized control 
trial 

 
Moderately 
advanced 
PD subjects 
(n=12) 
 

 
No significant difference between treated 
vs sham-surgery group. 

 
Olanow et al., 
2015 [279] 

 
AAV2-Neurturin 
(injection into bilateral SNpc 
and putamen) 

 
Multi-center, 
randomized, 
double-blind, sham 
surgery-controlled, 
phase II trial 
 

 
Advanced 
PD subjects 
(n=51) 

 
No statistically significant difference 
between treated and control grups, 
although significant motor-off benefits 
were observed in early-diagnosed PD 
patients, compared with late-diagnosed 
subjects. 
 

TABLE 7. Summary of human clinical trials using trophic factors as a disease-modifying 
approach for PD. 
 
On the other hand, preclinical studies have shown that NRTN can also promote the survival of 
DA neurons in culture as well as protect dopamine neurons in rodent and non-human primate 
neurotoxin models of PD [273]. Sharing 40% of homology with GDNF, NTRN binds to GFRα-2, 
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albeit at lower affinity also can bind to GFRα1. Given the variability in its distribution between 
animals, infusion method is not optimal for PD treatment [280–282] and therefore gene delivery 
of NTRN offers an interesting alternative. In particular, CERE-120, a recombinant AAV2-based 
vector encoding for human NTRN has been developed by Ceregene Inc. Delivery of CERE-120  
to the striatum has shown long-lasting efficacy, as judged by SN cell protection, preserved 
innervation of the striatum, as well as behavioral recovery in the rat 6-OHDA lesion model [283]. 
Moreover, CERE-120 administered to parkinsonian monkeys 4 days after MPTP lesion has 
shown similar positive results, thus providing a long-lasting improvement in motor behavior, that 
persisted almost for one year [284,285]. 
With this promising data, Ceregene Inc. initiated a Phase I clinical trial using 12 patients with 
advanced PD, in order to assess safety and tolerability of CERE-120 bilateral delivery to the 
putamen, and no serious adverse effects were reported and a significant reduction in PD was 
observed (Table 7). Subsequently, a Phase II double-blinded trial failed to meet its primary 
endpoint (UPDRS motor off), although modest clinical benefit was observed [278]. Interestingly, 
histopathological examinations were conducted in the brains of 2 PD patients who died from 
non-CERE-120 related events. These patients showed clear expression of relevant NTRN 
levels in the putamen, but no evidence for TH induction in the SNpc, probably caused by an 
increased striatal DA fibers denervation, probably more exacerbated in the human advanced 
PD versus the preclinical toxin-induced animal models, thus causing a loss of retrograde 
transport in nigrostriatal neurons [252]. Consequently, Ceregene’s most recent open-label trial 
assessed the safety and efficacy of simultaneously CERE-120 delivery to both SNpc and 
striatum, with no severe relevant complications found up to 24 months [286]. The success of 
this open-label trial led to a placebo-controlled double-blind phase 2 clinical trial with 51 patients 
involved (Table 7). Again, this trial did not show statistically significant benefit overall, but it did 
demonstrated significant efficacy in a small group of patients with early stage PD [279], thus 
suggesting the necessity for earlier intervention approaches of NTF therapy in progressive 
neurological diseases such as PD, if significant clinical neuroprotection or neurorestorative 
benefits want to be achieved. 
 

1.5. Modeling Parkinson’s Disease. 
To date, despite much progress has been done in the last four decades, the understanding of 
the relationship of genetic targets with the cellular mechanisms that drive neuronal death in PD 
is still very fragmentary, thus challenging the development of new disease-modifying therapies. 
In previous chapters, it has been described how several molecules and trophic factors showing 
promising neuroprotective actions in preclinical experiments have failed to do so in rigorous 
clinical trials, therefore suggesting that the current models have poor predictive power to 
determine the human clinical success of a given drug. In fact, there are many different causes 
of PD that it is plausible to think that an agent that provides neuroprotection in one form of the 
disease will not be protective for all the patients. 
On the other hand, examinations of postmortem PD brains are constrained by the fact that 
these samples typically represent persons who died in late stages of their disease. The 
molecular abnormalities found may not be representative of problems earlier in the 
pathogenesis, and the characteristics of neurons in these specimens may reflect the “survivors” 
and not those of neurons that have died. For these reasons representative cell and animal 
models are potentially of great value if they reproduce essential early disease characteristics. 
Therefore, we have yet to develop cellular or animal models that appropriately mimic the human 
disease process in order to elucidate unknown mechanisms underlying PD, but also to be used 
as powerful drug screening and testing platforms, hoping that an eventual better prediction in 
the clinical trials might come from them. 
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1.5.1 Animal models of PD 
It is remarkable to mention that an ideal animal model should recapitulate most of the features 
of PD, such as loss of A9 DA neurons and LB formation in a progressive and age-dependent 
fashion, thus presenting symptoms and alterations reminiscent of those observed in PD patients 
that suffer from similar genetic backgrounds. In addition, the non-motor features of the disease 
would be ideally also relevant. Unfortunately, such a perfect model does not exist to date [106]. 
 
Animal models of PD have been the most widely used platforms to investigate the pathogenesis 
and pathophisiology of this neurodegenerative condition. The first attempts at translating 
preclinical findings to positive clinical trial outcomes stems from toxin-based animal models, 
which can replicate the neurodegeneration of nigral DA neurons, typical of PD [287]. In the last 
decade, with the identification of PD-associated genes, genetic models for preclinical 
investigation have arisen, specifically the development of various mammalian (rodent and 
primates), as well as non-mammalian transgenic models (Drosophila and C. elegans), that 
replicate most of the disease-causing mutations identified for monogenic forms of familial PD. 
Considering the advantages and limitations of each animal model, the selection of a model 
allows for a potential therapy to be tested against a specific pathogenic mechanism. However, 
multiple models can also be used, impacting in several different mechanisms involved in PD 
pathogenesis (for instance, the influence of a given mutation to α-synuclein toxicity). Hence, 
using both toxin-based and genetic-based models to study PD can also be relevant for aspects 
that can be found in both sporadic and genetic forms of PD. 
 
Neurotoxic animal models of PD 
Among the different neurotoxin-based mammalian models of PD that are presently available, 
the 6-hydroxidopamine (6-OHDA) and the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
are the best characterized and most widely used models, since they have been useful platforms 
for the development of therapeutic strategies aimed to treat motor symptoms and to study 
alterations of the basal ganglia that occur in PD. 
In particular, the neurotoxin 6-OHDA is a hydroxylated analogue of DA that has been used to 
model PD in rats [288]. The toxin, which needs to be delivered by local injection, has a high 
affinity for the dopamine transporter (DAT), responsible for the transport of the toxin inside DA 
neurons. Injecting 6-OHDA into either the SNpc or the medial forebrain bundle (MFB) triggers a 
massive degeneration of the nigrostriatal pathway, reaching the highest level of nigral cell loss 
and striatal DA depletion achievable in PD animal models (90-100%) [289]. Alternatively, 
injecting 6-OHDA in the striatum [290,291] produces a more gradually human-like progressive 
model of nigrastriatal degeneration, which produces degeneration of 30-75% of DA neurons. 
On the other hand, one classical systemic model is based on the administration of MPTP, a 
compound that is selectively toxic for DA neurons. Unlike 6-OHDA, MPTP crosses the blood-
brain barrier and, once in the brain it is metabolized to its active form MPP+. MPP+ is 
internalized by A9 DA neurons through the dopamine transporter DAT and blocks the 
mitochondrial complex I activity, provoking mitochondrial dysfunctionalities, that eventually 
trigger a rapid neurodegeneration. Administration of MPTP to primates causes a levodopa-
responsive parkinsonian syndrome, representing the best PD-like clinical pictures achieved in 
experimental animals [292]. To date, the MPTP-monkey model remains the gold standard for 
preclinical testing of therapeutic strategies for PD. Although MPTP can be adminstered to 
rodents as well, in particular rats are highly resistant to MPTP [293], and must be delivered 
directly as MPP+ into the SNpc. Moreover, MPTP-induced mouse brains mice display 
phenotypes similar to the defects observed in humans, including motor symptoms and a loss of 
DA neurons [294]. However, the major limitations of both 6-OHDA and MPTP is that DA 
neurodegeneration is not accompanied by the formation of the main neuropathological hallmark 
of PD, which is the presence of LB-like cytoplasmic inclusions. Nevertheless, the 6-OHDA rat 
model and the MPTP primate model have contributed enormously to translate animal 
experimentation into clinical practice, including pharmacological symptomatic treatments and 
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deep brain stimulation [287]. These models, along with the MPTP mouse model, are helping to 
elucidate the pathogenic mechanism of neurodegeneration in PD. Thanks to these models, the 
role of oxidative stress [295], apoptosis [296], mitochondrial dysfunction [107], and inflammation 
[297] have been identified as important key players in the phyisiopathology of PD. However, for 
instance, none of the neuroprotective strategies such as GDNF or NTRN, that have worked in 
the preclinical stage using these models, have thus far been sucessfully translated to a clinical 
setting to treat PD patients. Therefore, there is a need of a more complex physiological model 
that could display the main neuropathological hallmarks along with an age-dependent gradual 
neurodegeneration, similar to the human clinical condition. 
 
Genetic animal models of PD 
As aforementioned, the identification of monogenic forms of PD has provided noteworthy 
insights into the molecular pathways involved in PD etiology. Moreover, GWAS studies have 
also provided evidence that familial and sporadic forms of PD may converge in some aspects of 
the disease. These discoveries have led to the generation of different genetic models, which 
may prove to be a more realistic approach to study PD. 
Many different species are useful for genetic manipulation, including rat, mice, Drosophila 
melanogaster, Caenorhabditis elegans. Different strategies have been pursued depending on 
the nature of the gene contribution in the PD pathogenesis. In the case of autosomal genes 
such as LRRK2 and SNCA, overexpression of either wild-type or mutated forms of a protein is 
usually performed. On the other hand, in the case of autosomal recessive genes such as 
PARKIN, PINK1 and DJ-1, a loss of function is found in PD patients carrying mutations in one of 
those genes, therefore knockout or knockdown approaches are used in this case. 
 
Drosophila and C. elegans genetic models 
Several invertebrate models, such as D. melanogaster and C. elegans have become popular 
experimental models, and they provide potent genetic tools. Their use has been extended not 
only to drug-screening and genetic factors or mutations that may modify neurodegeneration, but 
also it offers the possibility to identify evolutionary conserved pathways. α-Synuclein 
overexpression models of either mutated or wild-type forms in both animals provokes a 
selective loss of DA neurons in both animals, and particularly in Drosophila the appearance of 
LB-like inclusions [298]. However, these results should be interpreted cautiosly, since α-
synuclein is not naturally expressed in both Drosophila and C. elegans. Therefore, the main 
limitations in using these invertebrates is that they lack some pathways and genes present in 
humans [106].  
More interesting is to see that in the absence of α-syn, overexpression of LRRK2 resulted in the 
induction of neurodegeneration of DA neurons in invertebrates [299–301], thus suggesting that 
LRRK2 toxicity is independent of α-syn, thus explaining the absence of LB in some patients 
carrying mutations in LRRK2. 
Furthermore, studies in both Parkin and Pink1 transgenic flies exhibit similar phenotypes 
suggesting interplay between these two genes. In addition to this, it has been described that 
transgenic expression of Parkin ameliorated PINK1 loss-of-function phenotypes, while 
transgenic expression of PINK1 did not have any effect on Parkin los-of-function animals 
[114,115], indicating that Parkin and PINK1 may function in a common pathway, in which PINK1 
plays upstream to Parkin. 
 
Rodent genetic models 
Since the identification of SNCA was the first gene to be linked to familial PD, the relevance of 
this protein in neuronal survival and synaptic function has been highlighted with several 
transgenic animal models of α-synuclein. Several transgenic mouse lines, expressing wild-type 
or mutated SNCA under the control of panneuronal promoters, have been created, leading to a 
wide range of phenotypes, such as defective mitochondria, defective motor activity, and 
progressive nigrostriatal degeneration [302]. It is worth mentioning that, compared with 
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panneuronal Thy1, Prh1 or Pdgfa promoters [303], non of these features were seen when 
SNCA was overexpressed under the control of TH promoter [304]. This suggests that PD might 
not originate specifically in dopaminergic neurons, and that these neurons are affected only 
during the progression of the disease, which would be in line with the aforementioned 
hypothesis of Braak and colleagues [22]. 
 
Moreover, the study of extracellular function of aggregated α-synuclein has recently increase 
the attention of researchers. As aforementioned, aggregated α-syn released into the 
extracellular space [305] can affect synaptic transmission and plasticity [306], or taken up by 
other neurons through endocytosis [307], thus somehow promoting the aggregation of α-syn in 
a prion-like fashion. Prion-like mechanisms have been observed in several animal studies 
designed for this aim. First evidence comes from brain homogenates of old mice expressing 
A53T mutant α-syn (manifestating motor disabilities and α-syn accumulation), were 
intracerebrally inoculated in young mice from the same line without a phenotype, and that 
triggered motor defects in these young animals [308]; second, as aforementioned, Recasens 
and colleagues demonstrated that injection of nigral LB containing pathological α-syn, that was 
previously purified from postmortem PD brains and subsequently inoculated into either the SN 
or striatum of C57BL/6J mice and rhesus monkeys, was enough to elicit a PD-like pathological 
process characterized by diffuse cytosolic and presynaptic accumulations of pathological α-
synuclein, accompanied by a progressive nigrostriatal neurodegeneration in both mice and 
macaque monkeys [94].  
Moreover, other novel strategies are based in allowing a fine temporal and spatial modulation of 
α-syn, using viral vectors. Unlike transgenic insertion, viral vector approaches allow for the 
targeted and differential expression of the desired transgene in a restricted brain area at a 
certain time. Infecting either substantia nigra or striatum of adult animals has been achieved 
using a single injection [309]. Lo Bianco and colleagues showed that rats lentiviral 
overexpression of either wild-type or the A30P or A53T mutant forms of α-synuclein in the SNpc 
resulted in a specific loss of dopaminergic neurons, as well as the appearance of α-synuclein 
inclusions [310]. In fact, the same group found that GDNF did not provide trophism in rats in 
which the LV-α-synuclein vector was injected into the SN. More important, Decressac et al., not 
only confirmed these observations [311], but also suggested that the unresponsiveness to 
GDNF by the nigral cells were due to an induced downregulation of Nurr1, caused by the α-
synuclein overexpression, which in turn results in a reduced expression of the RET receptor 
[312]. 
Therefore, the use of α-synuclein overexpressing viral vectors constitutes a flexible mean to 
rapidly produce an accute α-synuclein toxicity, in order to study its effect in a restricted neuronal 
population, and to study their interactions with different compounds or treatments [310–312], 
and also the interaction with other PD-related genes, such as LRRK2 [151]. 
 
On the other hand LRRK2 models have also been a matter of study. As PD-related autosomal 
mutations are mostly considered as gain-of-function mutations, mice and rat overexpressing 
either wild-type or G2019S LRRK2 were created, and results are very variable. While mice 
overexpressing wild-type LRRK2 did not induce PD-relevant phenotypes, when mice were 
overexpressing G2019S LRRK2, they display an age-dependent reduction of dopamine release 
and appearance of motor symptoms, despite no dopaminergic neuron loss was observed [313]. 
In contrast, a different study showed dopaminergic neuron loss in mice overexpressing LRRK2 
but here motor deffects were lacking [314].  Rat conditionally expressing G2019S LRRK2 have 
also been generated [315] and, although no signs of neuronal loss were detected, an impaired 
DA uptake by DAT was observed. On the other hand, adenoviral overexpression of G2019S 
LRRK2 driven in adult rats resulted in a progressive degeneration of nigrostriatal neurons [316]. 
In addition, it is worth to aformention the work of Daher et al., which recently developed 
transgenic rats expressing G2019S-LRRK2 from a human-derived Bacterial Artifficial 
Chromosome (BAC). When intranigral adenoviral overexpression of α-synuclein was induced in 
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adult rats, unlike the wild-type, G2019S-LRRK2 transgenic rats exacerbated neuroinflammation 
and dopaminergic neurodegeneration caused by α-synuclein overexpression. It is suggested 
that the increased toxic effect was attributed to the enhanced kinase activity associated with the 
G2019S mutation, since chronic administration of a potent LRRK2 kinase inhibitor abated this 
toxic effect [151].  
 
Regarding the genes that cause autosomal recessive mutations, Parkin, Pink1 and DJ-1 mutant 
mice failed to show nigrostriatal degeneration and LB pathology [106]. However, KO mice for 
these genes exhibited mild alterations in the nigrostriatal circuit, as well as DA neuronal 
sensitiviness to oxidative stressors or insults [68]. Moreover, like in the Drosophila model, both 
Parkin and Pink1 transgenic animal models exhibit similar phenotypes, including mitochondrial 
defects [317,318], suggesting interplay between these two genes. 
  
In conclusion, it is not currently clear the reasons why none of the genetic transgenic animal 
models exhibit clear PD features, such as robust neurodegeneration. In the case of LRRK2, it 
could be due to the fact that LRRK2 mutations are partially penetrant and the presence of other 
genetic factors, such as α-synuclein toxicity, or other environmental factors may be required for 
PD-related neurodegeneration [151]. Another possible explanation could be the activation of 
compensatory mechanisms during development that may prevent loss of DA neurons. However, 
most models are only suitable to adress one particular issue. However, the combination of 
different genetic and environmental factors could ultimately provide new and useful animal 
models of PD. 
 
1.5.2. Cellular models of PD 
The development of cellular models from human origin has become an urgent need and of 
particular interest for a considerable number of research groups. These models have been used 
for the investigation of PD-related pathogenic mechanisms, as well as useful platforms to 
develop and discover new drug compounds for the treatment of PD. For instance, since these 
models are easy-handling for genetic modifications, they can be used with the aim of 
deciphering concrete molecular functions of different genes and proteins responsible of the 
pathogenic mechanisms that take part in the PD progression. In addition, cell-based PD models 
have emerged as powerful tools for drug discovery. With the implementation of these models in 
the high-throughput screening for candidate drugs, they have permited a considerable reduction 
of the number of experimental animals in similar studies in the preclinical stage. 
 
Among different cell lines established, the human neuroblastoma cell line SH-SY5Y is the most 
used cell line for studying neurodegeneration and neurotoxicity in the context of PD research. 
Derived from a metastatic neuroblastoma more than 40 years ago, this cell line can easily be 
expanded and further it differentiates to cells that express DA markers, such as TH, DAT, and 
VMAT2 [319,320]. Both neurotoxin-induced neurodegeneration and genetic modification of SH-
SY5Y cells have been used in attempts to model PD. For instance, overexpression of wild-type 
human α-syn was shown to promote inclusion formation in SH-SY5Y cells [321]. Moreover, 
extracellular addition of α-syn oligomers caused transmembrane seeding of α-syn aggregation 
in a dose- and time-dependent manner [322]. In addition, overexpression of G2019S mutant 
LRRK2 caused neurite retraction and shortening in differentiated SH-SY5Y, which correlated 
with increased autophagy [137]. On the other hand, when using them as toxin-induced models, 
rotenone, MPP+ or 6-OHDA have caused the degeneration of SH-SY5Y cells, thus suggesting 
their use for the identification of drugs that may prevent neurodegeneration [323]. However, SH-
SY5Y cells stems from cancerous origin, and they are not authentic DA neurons, being difficult 
to differentiate them into a post-mitotic mature dopaminergic state [324]. 
 
All in all, although these cellular models of PD, mostly based on human neuronal tumor cell 
lines, have provided helpful insights into alterations in specific subcellular components (such as 
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proteasome, lysosome and mitochondrion), the relevance of these findings for PD pathogenesis 
is not always immediate. These models do not, however, investigate the defective mechanisms 
within the predominantly affected cell in PD, the DA neuron. 
 

1.6. Induced Pluripotent Stem Cells. 
The development of human induced pluripotent stem cells (iPSC) from patient somatic cells 
offered a remarkable opportunity to generate disease-specific iPSC [325], with the aim to 
reproduce at a cellular and molecular level the mechanisms involved in disease progression in 
the type of cell of particular interest. The use of iPSC not only offers the possibility of addressing 
important questions such as the functional relevance of the molecular findings, the contribution 
of individual genetic variations, patient-specific response to specific interventions, but also helps 
to recapitulate the prolonged time-course of the disease (Fig. 19). 
In 2007, the group of Yamanaka described a procedure of induced cell reprogramming, based 
in the reprogramming of human fibroblasts to a pluripotent state, after transiently ectopic 
overexpression of just four transcription factors: OCT4, SOX2, KLF4 and c-MYC (Takahashi et 
al., 2007). Subsequent studies have also demonstrated that iPSC can be generated using only 
three factors (OCT4, SOX2, and KLF4) [326], thus avoiding the use of c-Myc, which is 
considered an oncogene. This safety measure allows preventing induced-transformation 
processes upon eventual reactivation of this transgene. Therefore, although is less efficient than 
doing it with 4 factors, in the resulting reprogrammed iPSC with this procedure, less clonal 
variation should be caused by the absence of insertional mutagenesis caused by c-Myc.  
Moreover, the efficiency of reprogramming can depend on the cell type employed. For instance, 
it has been reported that reprogramming efficiency starting from keratinocytes (1%) is 
significantly higher than starting from fibroblasts (0,01%) [327]. Human iPSC share many 
characteristics with human embryonic stem cells (hESC), including similarities in their 
morphologies, gene expression profiles, self-renewal ability, and capacity to differentiate into 
cell types of the three embryonic germ layers in vitro and in vivo by the generation of teratomas 
[328]. 
The “first generation” iPSC have been generated using retroviral or lentiviral transduction with 
vectors encoding the reprogramming factors, which can result in multiple genomic integrations 
of the viral transgenes. For this reason, although they are efficiently silenced at the end of 
reprogramming, the risk of mutagenesis and tumorigenecity that can result from these insertions 
make them not useful for cell therapy clinical applications [329]. However, initial proof-of-
principle studies showed that they are useful for disease modelling purposes [330–332]. The 
residual expression of reprogramming genes can, not only create problems during cell 
differentiation, but overall iPSC do not need a constant overexpression of reprogramming 
genes. Indeed, the reprogramming process by which a somatic cell acquires pluripotent 
potential is not a genetic transformation, but an epigenomic one [333], therefore only a transient 
expression of reprogramming genes needs to be activated. Alternative methods to the retro- or 
lenti-viral infection, have been recently adopted. These include the use of non-integrating viral 
vectors such as Sendai virus [334], episomal vectors [335], protein transduction [336], or 
transfection of modified mRNA transcripts [337]. These methods of reprogramming are relevant 
in the context of any future clinical applications of iPSCs in the field of transplantable 
replacement cell therapies. 
 
1.6.1. Generation of PD-Specific iPSCs. 
In few years, neurodegenerative research has quickly advanced with the help of stem cell 
technology reprogramming somatic cells, into induced pluripotent stem cells (iPSC). An 
important advantage of induced cell reprogramming is represented by the possibility of 
generating iPSC from patients showing sporadic or familial forms of the disease. These in vitro 
models are composed of cells that carry the patients’ genetic variants, some known and others 
not, that are key to the contribution of disease onset and progression. Moreover, given that 
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iPSC can be further differentiated into neurons, this technology potentially provides, for the first 
time, an unlimited source of native phenotypes of cells specifically involved in the process 
related to neuronal death in neurodegeneration in vitro. Therefore, a critical issue for disease 
modeling with iPSC is the availability of reliable and reproducible protocols that could efficiently 
direct pluripotent stem cells towards the specific cell types affected in Parkinson’s disease. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. Generation and use of iPSC modelling in PD. 
Somatic cells from a diseased patient are isolated and then reprogrammed to a pluripotent state (iPSCs). iPSCs can be 
maintained in culture or induced to differentiate along tissue- and cell-type specific pathways. Differentiated cells can be 
used to elucidate disease mechanism pathways at the cellular and molecular level, as well as for the development of 
novel therapies. 
 
Indeed, at first it was unclear whether disease-specific features of neurodegenerative disorders 
that usually progressively appear over several years were reproducible in vitro over a period of 
only a few days to a few months. As a consequence, iPSC were initially used to model 
successfully neurodevelopmental phenotypes and a variety of monogenic early-onset diseases 
[301,330,331,338–340]. However, studies using iPSC derived from patients with monogenic 
and sporadic forms of PD have demonstrated the appearance of key features of PD 
pathophysiology when these iPSC differentiate and maturate into dopaminergic neurons. These 
key features comprise α-syn accumulation, autophagic clearance and mitochondrial 
dysfunctions, among other PD-specific pathological mechanisms [341] (see Table 8). 
Therefore, despite the typical late-onset of this disorder, these studies suggest that the key 
cellular and molecular pathological mechanisms may have started before the clinical onset of 
the disease. Moreover, several inducible factors that cause cell stress, such as mitochondrial 
toxins [342], long-term culture maturation [102], growth factor deficiency, or even modulated 
aging with induced expression of progerin (a protein causing premature aging) [343], have also 
been used to accelerate and reproduce the phenotypes found during disease progression. The 
cumulative effect of these abnormalities during disease progression, along with the effect of 
environmental influence, has been shown to progressively encourage neurodegeneration 
[102,342]. 
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1.6.2. Modeling Sporadic and Familial PD Using iPSC. 
Over the last few years, many laboratories have now successfully recapitulated in vitro some of 
the characteristics of PD, using iPSC as a model. However, given that PD is a progressive 
aging disease that affects several cellular mechanisms involving different cell types, each iPSC 
model highlights only some PD-associated characteristics. Nevertheless, each one of these 
models has helped to understand some of the fundamental underlying mechanisms as a proof-
of-concept. In the last few years, iPSC-model reliability has rapidly improved and has paved the 
way for the discovery of new complex biomolecular interactions in the pathogenesis of PD. 
Thus, iPSC modeling has shown to be promising as a tool for studying new therapies in the 
future (Table 8). 
Recently, iPSC-derived DA neurons carrying a triplication of SNCA have been generated 
[344,345]. These cells showed enhanced α-syn mRNA and protein levels [344] and increased 
cell death vulnerability when exposed to oxidative-stress inducers [345]. Using an iPSC model 
based on the rare missense A53T SNCA mutation, Chung et al. observed early pathogenic 
phenotype in patient-derived neurons, compared to isogenic gene-corrected controls. In 
particular, they observed a connection between nitrosative and ER stress in the context of α-syn 
toxicity. Interestingly, the levels of CHOP (CCAAT enhancer binding protein homologous 
protein), a component of ER stress-induced apoptosis, did not change, indicating that in this 
model cellular pathology was still at an early stage [346]. iPSC-derived DAn, carrying the A53T 
SNCA mutation, also showed α-syn aggregation, altered mitochondrial machinery, thus 
enhancing basal ROS/RNS production [342]. The increase of RNS production leads to S-
nitrosylation of the pro-survival transcription factor MEF2 and its consequent inhibition, reducing 
the expression of the mitochondrial master regulator PGC1α and genes that are important for 
the development and survival of A9 DA neurons [347]. Interestingly, Ryan et al., postulated that 
the MEF2-PGC1α pathway contributes to the appearance of late-onset phenotypes in PD due 
to the complex interaction between environmental factors and gene expression. Indeed, when 
PD-associated pesticides were added below EPA-accepted levels, this was enough to 
exacerbate oxidative/nitrosative stress, inhibiting MEF2-PGC1α and inducing apoptosis, a late-
onset phenotype [342]. 
Interestingly, α-syn is one of the main pathological readouts for many of the sporadic and 
familial PD cases that are not related with mutations in SNCA [348]. As aforementioned, the 
clinical link between the lysosomal storage disorder Gaucher disease (GD) and PD appears to 
be based on the fact that mutations in acid GBA1 gene, which causes GD, contribute to the 
pathogenesis of synucleinopathies [81,349]. GBA1 encodes the lysosomal enzyme β-
Glucocerebrocidase (GCase), which cleaves the β-glucosyl linkage of GlcCer. Functional loss of 
GCase activity in iPSC-derived neurons has been associated with compromised lysosomal 
protein degradation, which in turn induces α-syn accumulation, resulting in neurotoxicity through 
aggregation-dependent mechanisms [81]. In addition, iPSC-derived neurons carrying the 
heterozygous mutation in GBA1 also have shown increased levels of GlcCer, changes in the 
autophagic/lysosomal system and calcium homeostasis, which may cause a selective threat to 
DA neurons in PD [349]. On the other hand, it is worth mentioning the work of Woodard and 
colleagues, who investigated key PD pathogical features in iPSC-derived DA neurons from two 
68-year-old, monozygotic male twins carrying heterozygous GBA N370S mutation, with the 
particularity that one was diagnosed at the age of 63, and the other is asymptomathic. 
Interestingly, regardless of disease status, differentiated DA neurons carrying GBA N370S had 
significantly higher α-syn levels. Intriguingly, MAO-B levels were found increased in the affected 
twin, resulting in an overall decrease in DA levels and a lower DA:DOPAC ratio, although it 
remains unclear how MAO-B level is upregulated in the affected twin [350]. 
 
Similarly to mutations in GBA1, mutations in PINK1 and Parkin genes are also associated with 
early onset recessive forms of familial PD, and their mutations cause a PD characterized by 
mitochondrial stress as a main feature. As aforementioned, under physiological conditions, 
Parkin, which is localized in the cytoplasm, is translocated to damaged mitochondria in a 
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PINK1-dependent manner triggering mitophagy [351]. This has been confirmed in iPSC-derived 
DA neurons carrying a mutation in PINK1. In these cells, Parkin recruitment to mitochondria 
was impaired and only over-expression of WT PINK1 was able to rescue the function [352]. On 
the other hand, iPSC models for mutation in Parkin revealed an increase of oxidative stress. 
Jiang and colleagues showed that iPSC from patients carrying mutations in Parkin enhanced 
the transcription of monoamine oxidase, the spontaneous release of dopamine and significantly 
decreased dopamine uptake, increasing susceptibility to reactive oxygen species [353]. 
Although the incremented oxidative stress has been confirmed in a study from Imaizumi et al., 
they did not observe differences in monoamine oxidase expression levels. On the contrary, the 
oxidative stress was accompanied by a compensation mechanism that involved the activation of 
the reducing Nrf2A pathway [354]. Moreover, in another study, Ren et al., associated Parkin 
mutations with a reduction of length and complexity of neuronal processes, with a stronger 
impact on DA TH+ neurons. This phenotype was correlated with a dicrease in the microtubule 
network stability, since overexpression of parkin reverted this phenotype, thus suggesting a 
prominent role of parkin in stabilizing microtubules to maintain the length and complexity of 
neuronal processes [355]. In addition, the work of Shaltouki et al. found reduced mitochondrial 
fraction in iPSC-derived Parkin-mutant DA neurons, provoking a decrease in mitochondrial 
membrane potential, and accompanied by a reduction in the neuronal survival. Moreover, the 
phenotype was recapitulated also in isogenic Parkin-/- lines [356]. 
 
Mutations in LRRK2 have been one of the most studied mutations in PD, not only because they 
are the most common cause of familial PD, but also because clinical symptoms of LRRK2-PD 
are similar to those of idiopathic PD. The most common mutation is the G2019S, which results 
in hyper-activity of the LRRK2 kinase domain. Although penetrance of this gene has shown to 
be variable between individuals’ age, iPSC model of a G2019S LRRK2-PD has recapitulated 
characteristic features of PD, such as accumulation of α-syn, increase in genes responsible for 
oxidative stress and enhanced susceptibility to hydrogen peroxide, which is displayed through 
caspase-3 activation [101]. Furthermore, the expression of key oxidative stress-response genes 
and α-syn were found to be increased in neurons from LRRK2-iPSC, when compared to those 
differentiated from control iPSC or hESC. 
Of interest, our group has generated iPSC lines from seven patients with idiopathic PD and four 
patients carrying G2019S mutation in the LRRK2 gene [102]. We observed morphological 
alterations in PD-derived iPSC vmDAn (fewer and shorter neurites) as well as an increase in the 
number of apoptotic neurons over a long-time culture (75 days). Moreover, we found an 
accumulation of α-syn in LRRK2-iPSC derived DAn after a 30 days culture. In addition, sporadic 
forms of PD are not as well defined, given that they may be caused by several genetic variants, 
as well as a strong environmental effect. However, our study revealed that DA neurons derived 
from idiopathic PD patients, also showed an increased susceptibility to degeneration in vitro 
after long-term culture [102]. Importantly, the appearance of the neurodegenerative phenotypes 
in differentiated DAn from either idiopathic or LRRK2-associated PD was shown to be the 
consequence, at least in part, of impaired autophagy. Blockade of autophagy by lysosomal 
inhibition showed a specific reduction in autophagic flux by LC3-II immunoblotting, suggesting 
that the clearance of autophagosomes was compromised [102] (See section 1.7. for detailed 
information). 
Proteins may also enter the autophagic process directly at the lysosome level, via chaperone-
mediated autophagy (CMA). Increased co-localization of α-syn with LAMP2A puncta in iPSC-
derived LRRK2-G2019S DAn revealed a compromised degradation of α-syn by CMA [103]. 
Indeed, although both wild-type and mutant LRRK2 were found to block CMA, G2019S LRRK2 
protein was more resistant to the CMA-mediated degradation, resulting in accumulation of other 
CMA substrates, including α-syn accumulation [103]. Furthermore, a similar phenotype was 
induced by over-expression of wild-type or G2019S LRRK2 in control iPSC-derived cultures 
[102] and rescued by LRRK2 inhibition [357]. Indeed, the work of Reinhardt et al., shown that 
iPSC-derived DAn cultures from isogenic G2019S LRRK2 lines (mutation being the sole 
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experimental variable) exhibited an increased mutant-specific apoptosis and decreased neurite 
outgrowth, as well as alterations in the expression of several pERK (phosphorylated ERK) 
controlled genes, all of which could be rescued by the inhibition of LRRK2. Moreover, the 
genetic correction of LRRK2 mutation resulted in the phenotypic rescue of differentiated 
neurons with improved neurite length to levels comparable to those of controls. 
Moreover, Ohta and colleagues first described the phenotypes of iPSC lines derived from 
patients carrying the I2020T mutation of LRRK2, which has been described to be more 
susceptible to post-translational degradation than WT and G2019S LRRK2 [358]. Specifically, 
when iPSC-I2020T were differentiated to DA neurons, those neurons exhibited reduced levels 
of LRRK2 protein and AKT phosphorylation, accompanied with an increased vulnerability to 
oxidative stress, when compared to controls. In addition, patient iPSC-derived neurons had 
reduced dopamine release probably caused by reduced levels of protein and mRNA levels of 
the SNARE proteins. More important, increased levels of tau phosphorylation were found in 
I2020T-neurons, consistently affected by reduced AKT levels unable to regulate kinase activity 
of GSK-3β, and that results were consistent with post-mortem analysis from one of the patients 
[359]. 
On the other hand, in a very recently published study, G2019S iPSC-derived DA neurons 
displayed the same morphological phenotypes as previously published elsewhere 
[102,357,360]. However, the same mutation showed a different and specific phenotype only 
when iPSC were differentiated to peripheral sensory neurons. Specifically, G2019S iPSC-
derived sensory neurons displayed a significantly more and larger neurite cytoskeletal 
aggregates compared to healthy control, accompanied by impaired calcium signaling and 
increased levels of p62 and LC3-II [361]. Moreover, a proportion of these aggregates were 
positive for tau, as well as other axonal and microtubule proteins, that were likely distinct from 
the composition of classical α-synuclein positive Lewy bodies and Lewy neurites. These data 
emphasizes the specific role of LRRK2 contributing to neurite integrity by affecting microtubule 
stability, independently of α-syn aggregation pathology, and suggests that the observation of 
neurite aggregates within sensory neurons is consistent with PD patients exhibiting peripheral 
nervous system impairment and may be a pathological feature of PD.  
 
1.6.3. Patient-Derived Stem Cells Could Improve Drug Research for PD. 
An important goal of humanized stem cell-based PD model systems is the screening of potential 
new drugs that could affect the neurodegenerative process at several levels during its 
development in specifically affected human cells (Table 8). Moreover, the availability of such 
patient-specific stem cell-based model systems could help identifying new pharmacological 
strategies for the design of personalized therapies. Recently, iPSC-derived forebrain neurons 
have been used as a platform to screen disease-modifying drugs, highlighting the possibilities of 
iPSC technology as an in vitro cell-based assay system for AD research [362]. A recent study 
has also taken a significant leap towards personalized medicine for PD patients, by 
investigating signs of the disease in patient-specific iPSC-derived neurons and testing how the 
cells respond to drug treatments [360]. The study showed that neurons derived from PD 
patients carrying mutations in the PINK1 or LRRK2 genes display common signs of distress and 
vulnerability such as abnormalities in mitochondria and increased vulnerability to oxidative 
stress. However, they found that oxygen consumption rates were lower in cells with mutations in 
LRRK2 and higher in cells with the mutations in PINK1. Notably, they were able to rescue the 
phenotype caused by toxins to which the cells were exposed to with various drug treatments, 
including the antioxidant coenzyme Q10 and rapamycin. Most importantly, the response of 
iPSC-derived neurons was different depending on the type of PD, where drugs that prevented 
damage to neurons with mutations in LRRK2, did not protect neurons with mutations in PINK1 
[360]. Furthermore, in the work of Ren et al. chronic treatment with taxol mimicked the effect of 
parkin overexpression by enhancing neurite length and complexity in patient neurons with 
parkin loss of function mutations [355]. 
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Moreover, Ryan and colleagues performed a high-throughput screening (HTS) to identify 
molecules that are capable of protecting DAn from the toxic effect of PD-associated pesticides. 
They observed that the MEF2-PGC1α pathway contributes to the late-onset PD phenotypes 
due to the interaction between environmental factors and gene expression [342]. They 
performed HTS for small molecules capable of targeting the MEF2-PGC1α pathway and they 
identify isoxazole as new potential theraupetic drug. Isoxazole, not only drove the expression of 
both MEF2 and PGC1α, but also protected A53T-SNCA DA neurons from pesticide-induced 
apoptosis. On the other hand, Chung and colleagues investigated yeast and iPSC PD models in 
parallel to discover and reverse phenotypic responses to α-syn. In conjunction to what was 
previously reported, they showed a connection between α-syn toxicity, accumulation of NO and 
ER stress [346]. Moreover, they showed that the ubiquitin ligase Nedd4 and its chemical 
activator NAB2 can rescue the α-syn toxicity in patient-derived neurons, opening a door to a 
new potential drug treatment.  
Furthermore, in the work of Woodard et al., WT GBA overexpression lowered α-synuclein levels 
in the GBA N370S twins-derived neurons, and treatment with rasagiline (MAO-B inhibitor) 
improved the ratio DA:DOPAC of the mDA neurons only from the affected twin, which were 
found to have increased levels of this enzyme [350]. 
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All in all, all these data encourage the use of iPSC technology as a tool to discover potential 
therapeutic drugs. However, concluding for what recent studies have unveiled up until now 
focusing only on genetic forms of PD, it remains to be determined whether this advanced 
technology can be used also in sporadic patients with uncertain genetic cause of the disease. 
 

1.7. Studying Parkinson’s disease with an in vitro human iPSC model.  
 
The current thesis is a follow-up study based on the previously work published by Sánchez-
Danès et al. [102,363].  
 
Briefly, a total of 15 individuals have been recruited: 7 patients diagnosed with idiopathic PD 
(ID-PD), with no family history of disease and no known PD-related mutations; 4 unrelated 
patients diagnosed with familial PD carrying the G2019S mutation in the LRRK2 gene (LRRK2-
PD); and 4 healthy individuals with no history of neurological disease (Ctrl). Individuals in each 
group were also selected so that no significant bias in gender or age occurred. Primary cultures 
of epidermal keratinocytes and dermal fibroblasts were established from all individuals, and 
were used for reprogramming at passage 2-4. By using retroviral delivery of OCT4, KLF4, and 
SOX2 2-6 independent iPSC lines per individual, were generated (Table 9). Of these, 2 lines 
per patient were thoroughly characterized and shown to be fully reprogrammed to pluripotency. 
For the directed differentiation of iPSC toward vmDA neurons (the cell type most affected in 
PD), a 30-day protocol implemented in the laboratory that relies on lentiviral-mediated forced 
expression of the ventral midbrain determinant LMX1A, together with DAn patterning factors 
(Sanchez-Danes et al., 2011) was applied. Co-culture of iPSC-derived DAn on top of neonatal 
mouse cortical astrocytes allowed longer time cultures, after which DAn differentiated from  
either ID-PD- or LRRK2-PD-iPSC showed morphological alterations, including reduced 
numbers of neurites and neurite arborization, and accumulation of autophagic vacuoles, which 
were not evident in DAn differentiated from Ctrl-iPSC. Further induction of autophagy and/or 
inhibition of lysosomal proteolysis greatly exacerbated the DAn morphological alterations, 
indicating autophagic compromise in DAn from ID-PD- and LRRK2-PD-iPSC. 
 
Overall, this study demonstrated the potential of iPSC-based technology, not only in deciphering 
familial-PD-related phenotypes, but also phenotypes derived from patients with an unknown 
genetic cause (ID-PD), thus suggesting that the cause of increased susceptibility of ID-PD-
derived DAn to undergo degeneration is encoded also in the genome of ID-PD patients. 
The efficient differentiation of the PD relevant cell type (A9 DA neuron), the ability to maintain 
DAn cultures over a long-term culture span, and the use of multiple patients per condition, 
which allowed controlling the inherent variability between lines, have been of relevant 
importance in order to achieve this work, and opened the door to use this model as a platform 
for the study of compounds that could prevent the appearance of the aberrant phenotypes 
present at long-term points. 
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TABLE 9. Summary of iPSC lines generated. 
(From Sánchez-Danès et al., 2012 [102]). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Differentiation of DA neurons from PD patient-specific iPSC. 
iPSC derived from ID-PD, LRRK2-PD and CTL were differentiated into DA neurons for 30 days and then analysed by 
immunofluorescence for the expression of TUJ1 (green) and TH (red). Quantitative analyses of cells stained positive for 
TUJ1 (left bars) or TUJ1 and TH (right bars) show the same capacity to differentiate into neurons between different type 
of lines (from Sánchez-Danès et al., 2012 [102]).  
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Spontaneous phenotypes of PD-familial- and PD-sporadic-specific vmDA neurons. 
 
α-synuclein immunodetection specific from LRRK2-PD vmDA neurons. 
DAn differentiated from either CTL or the PD-group were morphologically and phenotypically 
indistinguishable after the 30-day protocol of DA neuronal differentiation in culture, in agreement 
with previous reported literature (Fig. 20) [364]. However, most DAn derived from LRRK2-PD 
iPSC showed diffuse cytoplasmic accumulations of SNCA (Fig. 21), although did not form 
obvious aggregates or inclusions. In contrast, the majority of DAn differentiation from CTL of ID-
PD exhibited barely detectable levels of endogenous α-synuclein in their cytoplasm. These 
results are consistent with the previously published works in which LRRK2 and SNCA have 
been found to participate in intersecting pathways [47], as well as evidences highlighting the 
role of LRRK2 and its mutation G2019S as an accelerator of α-synuclein toxicity [151,365]. 
These results demonstrate the ability of iPSC-based cellular systems to recapitulate PD-related 
pathology and to model a monogenic form of PD. 

 
Figure 21. Abnormal accumulation 
of α-synuclein in LRRK2-PD vmDA 
neurons. 
(from Sánchez-Danès et al., 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Morphological alterations over long-term culture. 
NPCs were co-cultured over a monolayer of primary murine cortical astrocytes (Johnson et al., 
2007), thus supporting viable cultures of vmDA neurons for up to 75 days. Therefore, culture-
related stress conditions generated after a long time span of the DA neuron culture was 
expected to exacerbate the susceptibility to degenerate of the DA neurons derived PD patients 
in a different manner as CTLs. In fact, DA neurons from CTL lines were morphologically 
homogeneous and mature, exhibiting complex dendritic arborisations. In contrast, DAn 
differentiated from both ID-PD or LRRK2-PD developed a range of altered morphologies over 
long-term culture, mostly presenting fewer and simpler processes, reminiscent of immature 
neurons, others with clear signs of degenerations, including very short or absent neurites, 
vacuolated soma, fragmented nucleus, as well as positive staining for cleaved-caspase 3 (Fig 
22A). In fact, confocal analysis of TH neurons, demonstrated both number and length of 
neurites of CTL DAn were significantly higher than those from both ID-PD and LRRK2-PD. 
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Figure 22. Disease-specific phenotypes from DA neurons iPSC-derived LRRK2-PD and 
ID-PD patients. 
A) Morphologic alterations of either ID-PD or LRRK2-PD, showing decreased and shorter neurite arborisation. 
B) Increased presence of LC3 positive autophagosomes in either LRRK2-PD and ID-PD vmDA neuons (modified from 
Sánchez-Danès et al., 2012 [102]). 
 
Impaired autophagy of PD-specific vmDA neurons. 
Neurite shortening has been correlated with increased autophagy [137]. Therefore, since both 
LRRK2-PD and ID-PD DA neurons displayed aberrant arborisation, autophagy status become a 
good candidate to look in detail.  
At 75 days of culture, DAn differentiated from CTL showed a diffuse cytoplasmic LC3 staining 
with very few autophagosomes. On the other hand, a marked increase in LC3-positive puncta 
was evident in untreated DAn differentiated from both ID-PD or LRRK2-PD, thus suggesting 
either a massive upregulation of autophagosome formation, or a compromise in the clearance 
of autophagic compartments in these cells (Fig. 22B). In fact, autophagic clearance was 
analysed by comparing the degradation of LC3-II in the whole culture by immunoblot (LC3-flux 
assay). Given that part of LC3 located in the inner membrane of the autophagosome is 
degraded along with the cargo when these compartments fuse to lysosomes 
(autophagolysosomes), consequently the increase in levels of LC3-II upon blockage of 
lysosomal proteolysis provides information on autophagic clearance. As expected, basal-steady 
state levels of LC3-II were increased in the PD-derived cells, when compared to CTLs. 
Moreover, blockage of lysosomal degradation resulted in an increase in LC3-II in all cell lines, 
thus reducing siginificantly the autophagic flux in PD-derived cells. These data suggests that the 
increased in the abundance of LC3 in PD-iPSC-derived neurons when compared to controls 
was due, mainly to a blockage in their clearance. In fact, Ultrastructural analysis by electronic 
microscopy showed a more abundant of autophagic vacuoles prior to their fusion with 
lysosomes in the PD groups as well as more abundant lipid droplets, whereas in the CTL the 
predominant form in the CTLs was the autophagolysosome. Moreover, the defective autophagic 
clearance was also confirmed by a reduced co-localization between the autophagosome marker 
LC3 and LAMP1 lysosome markers in the PD group, in comparison with the CTL group. 
 
Interplay of LRRK2 with chaperon-mediated autophagy (Orenstein et al., 2013). 
As aforementioned in the chapter 1.3.4., α-synuclein and also LRRK2 contain a chaperone-
mediated autophagy recognition motif, which enables their specific degradation via CMA 
pathway. A recently published paper from Orenstein et al., revealed that, as well as some A30P 
and A53T mutation forms of α-syn, degradation of G2019S-LRRK2, as well as other pathogenic 
mutations (R1441C) of this protein, is compromised. Specifically in this work, different studies 
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with neuronal cell lines, primary neuronal mouse cultures, and lysosomes from different LRRK2 
transgenic mouse models, support the conclusion that the mutant form of LRRK2 (G2019S) 
binds with enhanced affinity in the presence of other substrates, interfering with the proper 
organization of the active CMA translocon. This leads to the accumulation of LRRK2 itself and 
other substrates, including α-syn, which its impaired degradation can undergo to the 
aggregation of toxic forms of the protein. Interestingly, part of the work by Orenstein has been 
done in collaboration, confirming that the LRRK2-mediated blockage of LAMP2-A was also 
shown in iPSC-derived DA neurons. Specifically, to adress the contribution of changes in CMA 
activity to the abnormally high levels of α-syn in the LRRK2-PD derived cells (Sánchez-Danès et 
al., 2012b), LAMP2-A was knocked down in differentiated neurons by lentiviral transduction of 
the GFP-tagged short hairpin RNA against LAMP2-A. Knockdown of LAMP2A in cells cultured 
for 75 days, increased α-syn content in both CTL and LRRK2-PD, however the proportional 
increase compared to untransduced cells was lower in the LRRK2-PD DA neurons, thus 
indicating an already compromised CMA of α-syn in these neurons [103]. 
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2. OBJECTIVES 
 
 
1. To assess the ability of some compounds, including GDNF, to prevent disease 
phenotypes of PD patient-specific iPSC-derived DAn 
 
2. To evaluate GDNF expression within human DAn cultures derived from PD patient-
specific iPSC as well as Ctrl-iPSC 
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3. MATERIAL AND METHODS. 
 
PD patients and generation of iPSC-derived DAn. 
We have used nine iPSC lines previously generated and characterized in our laboratory, as 
previously described [102]. Three iPSC lines have been used from healthy donors (SP09#4, 
SP11#1 and SP17#2) and six from PD patients: three of them had the G2019S mutation on 
LRRK2 gene (SP05#1, SP06#2 and SP12#3) and the other three were sporadic cases, with no 
familiar history of PD (SP04#2, SP08#1 and SP02#1). Expanded subject information, cell 
characterization, and technical details are extensively described in this precedent work [102], 
and it is also summarized in chapter 1.7.1.  
 
For directed differentiation of iPSC to ventral dopaminergic neurons (vmDAn), we used a 
protocol based on the lentiviral-mediated forced expression of the vmDAn determinant LMX1A 
together with DAn patterning factors and co-culture with either murine cortical astrocytes or 
mouse PA6 feeding cells. Briefly, iPSC were transduced with LV.NES-LMX1A.GFP and 
processed as previously described [102,363]. iPS cells were mechanically aggregated to form 
EBs. EBs were cultured 10 days in suspension in N2B27 medium, consisting of DMEM/F12 
medium (Life Technologies), Neurobasal medium (Life Technologies), 0.5x B27 supplement 
(Life Technologies), 0.5x N2 supplement (Life Technologies), 2mM GlutaMAX (Life 
Technologies), and penicillin-streptomycin (Life Technologies). In this stage, N2B27 was 
supplemented with SHH (100 ng/ml, R&D, 1314-SH), FGF-8 (100 ng/ml, Peprotech cat. no. 
100-18B), and bFGF (10 ng/ml). Generated neural progenitor cells (NPCs) clumps were seeded 
as described in the next paragraph. 
 
For long-term culture subjected to neuroprotective treatments, NPCs were seeded on top of 
post-natal mouse primary cortical astrocytes, prepared as described elsewhere [366] and 
maintained in N2B27 medium. When cultures reached 21 days of DAn differentiation, 3 different 
long-term treatments were initiated with MEK kinase inhibitors PD098059 (PD09; 10 µM; cat n. 
513000, Calbiochem), and UO126 (UO; 10 µM; cat n.662005; Calbiochem), and GDNF 
(20ng/ml; CYT-305; Prospec). The correspondent dose of each compound was administered as 
described elsewhere [367–370]. Each compound was added when medium was changed, thus 
corresponding twice a week. DAn differentiations under long-term treatment were kept culturing 
until they reached 75 days of culture, and a total of 6 weeks of treatment. 
 
For GDNF signalling studies, NPCs were seeded on top of PA6 for 21 days in N2B27 medium, 
as described [363]. 24 hours before the culture reached 21 days cells were treated with the 
same medium without B27 (Nutrient Limited Medium: NLM), to avoid interferences in the GDNF 
pathway by factors present in B27, such as insulin (reference). 20 ng/ml GDNF was added to 
the DAn culture and samples were subjected to protein extraction at different time of exposure 
(0 min, 5 min, 10 min, 15 min), in order to evaluate peak activation of the pathway under study. 
 
Immunofluorescence staining. 
Cells were fixed with 4% paraformaldehyde in PBS for 15 minutes. Samples were washed with 
TBS 3 times for 15 minutes, and blocking and permeabilization was done with TBS with 0,3% 
triton X-100 and 3% Normal Donkey Serum. In the case of ICC done for autophagic markers, 
mild permeabilization was done with TBS 0,01% Triton X-100 and 3% Normal Donkey Serum. 
The following antibodies were used: rabbit anti-TH (Sigma, 1:1000), mouse anti-TH (Chemicon, 
MAB5280, 1:1000), rabbit anti-cleaved Caspase3 (Cell Signalling 1:400), rabbit anti-GFRα1 
(Santa-Cruz 1:50), rabbit anti-LC3 (Cell Signalling, 1:100), rabbit anti-PV. Secondary antibodies 
used were all the Alexa Fluor Series from Invitrogen (1:500). To visualize nuclei, slides were 
stained with 0.5 μg/ml DAPI (4', 6-diamidino-2-phenylindole) and then mounted with PVA-
DABCO. Images were taken using Leica SP5 confocal microscope. 
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Neurite analysis. 
Neurite analysis was done at the end-point of the long-term culture (75 days) on isolated iPSC-
derived DA neurons differentiated on top of cortical mouse astrocytes, either treated with 
PD098059, UO126, or GDNF for 6 weeks, fixed and stained for TH. We randomly selected 
between 15-20 isolated DAn per iPSC line, so that we could unambiguously abscribe neurites to 
a single DAn. We took images using Leica SP5 confocal microscope, and analysed with the 
ImageJ plugin NeuronJ, in order to determine the number and lenght of neurites per cell. 
 
Soma Size analysis. 
Quantification of DAn neuronal bodies was done by analysing occupied cell body area by TH 
staining, and subsequently quantified by ImageJ software of 15 random DA neurons per line, 
from the fixed cell cultures at 75 days of DAn differentiation, with or without long-term GDNF 
treatment. 
 
Neuronal population counting. 
To assess changes in the TH+ neuron density population from the DA cultures at 75 days of 
culture (treated and not treated with GDNF), we selected 15-20 representative pictures taken 
with SP5 confocal microscope, at 40x of magnification, and we counted the number of TH+ 
neurons that were present per field, by using the Cell Counter Plugin from ImageJ or FIJI. 
On the other hand, we also quantify the percentual proportion of TH/TUJ1 remaining at 75 days, 
as well as PV/TUJ1 in CTL, PD and PD+GDNF cultures, using the same plugin. 
 
Measurement of Intracellular Reactive Oxygen Species (ROS) formation. 
The dye DCFH2-DA, which is oxidized for fluorescent DCF by hydroperoxides, was used to 
measure relative levels of cellular peroxides, as described elsewhere [369]. After long-term 
culture with or without GDNF treatment, 100 µl of dye in ethanol was added to the culture media 
at a final concentration of 500 µM, and incubated for 30 min at 37ºC. In order to obtain a 
dissociated culture for the ROS assay, cells were washed twice with cold PBS, and then 
scraped from the dish with a pipet tip into 200 µl of 1% triton X-100 in PBS. 50 µl of cell 
suspension was measured in triplicate by a fluorescence microplate reader at an excitation 
wavelenght of 485 nm and an emission wavelenght of 530 nm. The remaining 50µl from the cell 
suspension was used for measuring protein Bradford quantification, in order to relativize the 
obtained values with protein quantity of the culture. 100µl of ethanol (without DCFH2-DA) was 
added to another cell sample to correct for autofluorescence generated by the cells. The same 
volume of 1% Triton X-100 buffer with DCFH2-DA without cells was set up as a blank control. A 
positive control of the dye was assessed in a cell sample overdosed of H2O2. The experiment 
was repeated three times. 
 
Protein Extraction and Western blotting. 
Proteins were extracted from fresh pellets using RIPA protein buffer, supplemented with 
protease inhibitors (Roche ref: 11873580001), sodium Orthovanadate (1mM, Sigma), sodium 
fluoride (50mM, Sigma) and phenylmethylsulfonyl fluoride (PMSF; 100 μM). Considering all the 
steps at 4ºC, the lysis buffer was added to fresh pellets, and the pellet was disaggregated by 
making up and down, and then vortexing every 5 minutes, in a total of 20 minutes. After this, the 
lysate was centrifugated 5 minutes at 13200 rpm. Subsequently, Bradford quantification was 
done, and proteins were denaturalized in loading buffer for 5 minutes at 98ºC. Proteins were 
separated using SDS-polyacrilamide gel electrophoresis (SDS-PAGE) and transferred to PVDF 
membrane. The membrane was probed with anti-ERK and -pERK (1:1000, Cell Signaling), anti-
S6 kinase and -pS6 kinase (1:1000, Cell Signalling) and α-tubulin (1:10000, Sigma T6074). 
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LC3 analysis. 
As aforementioned, LC3 staining was performed in all samples analysed at the same time, in 
order to avoid variability in the LC3 signal. Furthermore, Between 15 and 20 random images of 
DA neurons were taken with SP5 confocal using always the same image acquisition settings. 
Imaging analysis were done with imageJ, using an algorythm that allowed us to count 
objectively the relative occupied area of LC3 in the TH+ neuron area. Furthermore, LC3 mean 
fluorescence intensity within the neuron was also evaluated using the same algorythm. 
 
Detection GDNF by ELISA. 
In collaboration with the Cell Therapy and Molecular Physiology laboratory group (Instituto de 
Biomedicina de Sevilla, IbiS) directed by professor Juan José Toledo y Aral, GDNF protein 
content was estimated from the culture medium of differentiated iPSC-derived DA neurons, at 
different time points 3 wks (21 days), 5 wks (35 days) and 9 wks (75 days). Briefly, 1 ml of 
medium of each culture was concentrated by centrifugation at 3800 g for 60 min at 4ºC using 
3000 Da centrifugal filter devices (Millipore, Billerica, MA, USA). ELISA (enzyme-linked 
immunosorbent assay) was performed following the manufacturers instructions, except, as 
previously described, with the anti-GDNF monoclonal and anti-hGDNF polyclonal antibodies 
used at 1:500 and 1:250 respectively [371,372]. Absorbance at 450 nm was measured in a 
plate reader (Thermo Electron Corporation, Vantaa, Finland). 
 
RT-qPCR analyses. 
Total mRNA was extracted using guanidinium thiocynate-phenol-chloroform (TRIzol, 
Invitrogen). One microgram of mRNA was used to synthesize cDNA with the SuperScript III 
Reverse Transcriptase Synthesis Kit (Invitrogen). Quantitative PCR analyses were done in 
triplicate on 50 ng with Platinum Syber Green qPCR Super Mix (Invitrogen) in an ABI Prism 
7000 thermocycler (Applied Biosystems). All results were normalized to GAPDH. The primers 
used were: hGFRα1-R: TGACCTTCAGACCAAACTGCTCCA; hGFRα1-F:	AAACACATCCATG-
CTGGGATGCAC; hRET-R:	TGTACTGGACGTTGATGCCACTGA; hRET-F:	TCCTCTTGCTCC-
ACTTCAACGTGT; hNCAM-140-R:	TCAGGATGACATCTCGGCCTTTGT; hNCAM-140-F:	AAG-
TGTGTGGTTACAGGCGAGGAT; hGAPDH-R:	AGGGATCTCGCTCCTGGAA; hGAPDH-F:	GC-
ACCGTCAAGGCTGAGAAC. 
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4. RESULTS. 
 
The nine lines used, derived from patients carrying the G2019S LRRK2 mutation, idiopathic PD 
patients and healthy controls were described previously [102] (see chapter 1.7.) As discussed 
above, in that study, was showed that over long-time culture (2.5 months), vmDAn differentiated 
from PD-iPSC exhibited morphological alterations, including fewer and shorter neurites, and an 
increase in the number of apoptotic neurons, signs that were not evident in DAn differentiated 
from control iPSC (Fig. 23a). Here we evaluated the effect of MEK kinase inhibitors PD098059 
and UO126 as well as of GDNF using PD-specific iPSC derived DA neurons. With this purpose, 
we differentiatiated iPSC from patients carrying the G2019S LRRK2 mutation, idiopathic PD 
patients and healthy controls towards vmDA neurons on top of murine cortical astrocytes  as 
previously described [102]. At 21 days of DA neuronal differentiation, healthy controls and PD 
DA neurons did not show any signs of disease.. At this time point, we treated the dopaminergic 
cultures with each compound for 75 days, the time in which PD phenotypes normally occur in 
patient-specific DA neurons [102] (Fig. 23a). 
After six weeks of treatment, in each of the PD mDA neurons, treatment with MEK kinase 
inhibitors did not improved neuronal survival (Fig 23b). In particular, both UO126 and 
PD098059 are non-competitive MEK inhibitors, that were expected to protect DA neurons by 
reducing the overall kinase activity induced by the kinase gain-of-function G2019S mutation of 
LRRK2 in the LRRK2-PD [137,373], and by the increased susceptibility of both ID-PD and 
LRRK2-PD to culture-related stress conditions, such as oxidative stress, known to constitutively 
induce kinase cascade signaling pathways mediating cell death [374]. However, inhibition of 
MEK did not protect against PD phenotypes, and this could be probably due to an excessive 
inhibition caused by a prolonged treatment, or to a low specificity of these inhibitors against the 
pathways affected by LRRK2 gain-of-function mutation. 
 
GDNF exerts a potent trophic effect in cell survival and cell differentiation in iPSC-
derived patient-specific DA neurons. 
On the contrary, long-term treatment with GDNF dramatically increased dopaminergic neuronal 
survival and differentiation in both LRRK2-PD and ID-PD, and also in CTL although in a lesser 
extent. First, we found that the average of TH+ neurons per field was significantly higher in the 
GDNF-treated PD cultures when compared with untreated PD cultures, which were below the 
average of the untreated healthy CTLs (Fig 23c). Second, we proved that DA neuronal death 
caused by apoptosis was also prevented in both GDNF-treated LRRK2-PD and ID-PD. 
Specifically, immunofluorescence co-localization of the apoptosis marker Cleaved Caspase-3 
with TH among overall TH+ positive neurons was markedly absent in both GDNF-treated 
LRRK2-PD and ID-PD, in comparison with their untreated homologues, thus demonstrating that 
GDNF long-term treatment protected from DA neuronal death (Fig 24). 
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Figure 23. Long-term culture with GDNF increased neuronal survival of iPSC-derived DA 
neurons. 
A) CTL, ID-PD and LRRK2-PD iPSC lines were differentiated into DA neurons for 21 days on top of a monolayer of 
post-natal murine cortical astrocytes. Then they were subsequently cultured in the presence of kinase inhibitors 
PD098059 (10µg/ml), U0126 (10µg/ml), and GDNF (20ng/ml), reaching 75 days in total, by the time neurodegeneration 
occurs. 
B) Representative images of DA neurons immunostained with the specific DA marker Tyrosine Hydroxylase marker, at 
75 days of culture under different treatments, or without treatment. Scale bar represent 25 µm. 
C) Quantitative analyses of DA neuron population are represented by the average of TH+ neurons that are present in 
15 random images from CTL (n=3), LRRK2-PD (n=3) and ID-PD (n=2), with and without GDNF long-term treatment. 
Asterisks denote statistically significant differences between; untreated CTL vs either untreated ID-PD or LRRK2-PD; 
untreated CTL vs GDNF-treated CTL; untreated LRRK2-PD vs GDNF-treated LRRK2-PD; untreated ID-PD vs GDNF-
treated ID-PD. Data are presented as mean ± s.e.m (*p<0,05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 24. GDNF promotes cell survival of human DA neurons. 
A) Immunofluorescence analysis of DA neurons differentiated from PD iPSC cell lines for 75 days, with or without long-
term GDNF treatment, co-stained for TH (green), apoptotic marker Cleaved Caspase-3 (red), and DAPI (blue). Scale 
bars represent 10 µm. 
B) Quantitative analysis of the percentage of DA neurons at day 75, double positive for CASP3 and TH, among total DA 
neurons (TH+) with and without long-term GDNF treatment. Analysis was performed by taking 15-20 images in SP5 
confocal microscopy per each line (Control n=2; ID-PD n=2, and LRRK2 n=2), and by making the average in each line 
per condition. Asterisks denote statistically significant differences between: untreated CTL vs either untreated ID-PD or 
LRRK2-PD; untreated LRRK2-PD vs GDNF-treated LRRK2-PD; untreated ID-PD vs GDNF-treated ID-PD. Data are 
presented as mean ± s.e.m. (*p<0,05). 



	 72	

 
GDNF neuroprotective signal transduction on iPSC-derived patient-specific DA neurons. 
Since GDNF was exerting a potent trophic effect on cell differentiation and cell survival, it was 
important to assess that DA neurons express the receptor machinery in order to trigger 
specifically these trophic actions. Interestingly we found that the GDNF receptor (GFRα1) is 
present in the differentiated DA neurons by the time we started the protective treatment (21 
days) (Fig. 25a). Moreover, RT-qPCR experiments revealed that both GFRα1 and RET 
progressively increase their expression during the long-term treatment with GDNF when 
compared with untreated samples at their respective time-points (Fig. 25b). On the other hand, 
the alternative pathway that involves the coupling of GFRα1 and NCAM-140 [257] could be 
involved in a lesser extent, since NCAM-140 expression values remain stable if compared with 
RET expression. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. Expression of the GFRα1-RET complex in DA neuronal cultures. 
A) Immunofluorescence staining of DA neurons at 21 days of culture on top of a monolayer of PA6. DA neurons were 
co-stained for TH (green), GDNF receptor GFRα1 (red), and DAPI (blue). Scale bar represents 10µm. 
B) RT-qPCR analysis of the expression levels with or without GDNF long-term treatment, of the GDNF receptors 
GFRα1, RET and NCAM (cell line SP04# 2). Data is represented in triplicates. Asterisks denote statistically significant 
differences between untreated vs long-term GDNF-treated at 6 and at 9 weeks of DAn differentiation. Data are 
presented as mean ± s.e.m. (*p<0,001). 
 
In addition, we confirmed the GFRα1-RET downstream activation of both PI3K/Akt/mTORC1 
and RAS/ERK1-2/MAPK after GDNF exposition [253–255]. In particular, by adding GDNF at 21 
days of DAn differentiation culture, and extracting protein at different time points, immunoblot 
analysis showed that ERK1-2 pathway is quickly transiently activated, and its activation peak is 
approximately of 6 fold-increase in both CTL, and PD DAn cultures, compared with non-
exposed samples (Fig. 26a-b). It is important to note that transiently activation of ERK1-2 has 
been shown to be neuroprotective [375,376], as it has been demonstrated that triggers cell 
survival by stimulating the activity or expression of anti-apoptotic proteins [377]. On the other 
hand, sustained activation of ERK can trigger an accumulation of death-promoting factors, thus 
leading to apoptotic cell death, which is not observed in this case [376,378]. Moreover, AKT 
pathway was also found activated in both CTL and PD cultures, as demonstrated by 
approximately a 2 fold-increase activation of a downstream effector of this pathway, p70 S6 
kinase (p70 S6K) (Fig. 26c-d). Specifically, AKT also induces cell survival by inhibiting the 
activity of apoptotic proteins [377]. In addition, the phosphorylation of p70 S6K has been used 
as a marker of activation of mTOR, whose activation is known to suppress autophagy by 
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inhibiting the ULK complex, responsible of the preautophagosomal structures, that lead to the 
complete formation of macroautophagosomes [379]. Given the reported dysfunctional 
autophagy clearance in this model [102], and that mTORC1 is active after GDNF exposure, 
influence of GDNF in regulating autophagy clearance was suggested to be another of the 
protective benefits of this molecule (See below). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. GDNF activation of both GFRα1-RET downstream pathways MAPK/ERK1-2 and 
PI3K/Akt/mTOR in DAn cultures. 
A-B) Western Blot of ERK activation signalling pathway. DAn differentiations at 21 days, were exposed to 20ng/ml of 
GDNF, and pellets were collected at different times after GDNF exposition, in order to check transient activation of ERK 
pathway. Blots have been analysed with ImageJ software (NIH), by densitometry quantification. Experiments were done 
in triplicate, and data is presented as mean ± s.e.m, *p<0,05. 
C-D) Activation of AKT downstream pathway p70 S6 Kinase in controls and both ID-PD and LRRK2 DAn differentiation 
at 21 days of culture after 5 minutes of GDNF exposition. Experiments were done in triplicate, and data is presented as 
mean ± s.e.m. *p<0,05. 
 
GDNF prevents from neurite denervation of iPSC-derived patient-specific DA neurons. 
 
As well as neuronal survival and cell differentiation, GDNF trophic actions are also well known 
to promote neurite outgrowth [10,253–255]. In fact, at day 75, long-term GDNF patient-specific 
DA neurons are characterized by longer and arborised neuronal processes that innervate 
different neuronal areas of the culture, a feature that was unfrequently found in their untreated 
homologues. Specifically, neurite number and length quantification resulted in a notable 
maintainance in the complexity and elongation of the processes of patient-specific DA neurons 
that were long-term cultured with GDNF, achieving similar values as the untreated DA neurons 
from healthy CTL (Fig. 27a-c). In addition, an increase in the soma area was also observed 
(Fig.28 a-b), a trophic effect that has also been described elsewhere [380]. 
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Figure 27. Immunofluorescence analysis of neurite length and number after GDNF 
treatment. 
A) Representative images after 75 days of DAn differentiation, untreated (ID-PD: SP04 #2) and long-term GDNF-treated 
(LRRK2-PD: SP05 #1). Scale bar represents 25 µm. 
B) Quantitative analysis of neurite number in DA neurons differentiated for 75 days of culture with and without long-term 
GDNF treatment. Data for each condition is the average of neurite number in a DA neuron, and it has been analysed 
respectively in 3 CTL lines (not treated: 99 DAn; GDNF: 48 DAn), 3 LRRK2-PD lines (not treated: 76 DAn; GDNF: 54 
DAn) and 3 ID-PD lines (not treated: 88 DAn; GDNF: 51 DAn). Asterisks denote statistically significant differences 
between: untreated CTL vs either ID-PD or LRRK2-PD; untreated LRRK2-PD vs GDNF-treated LRRK2-PD; untreated 
ID-PD vs GDNF-treated ID-PD. The data show mean ± s.e.m. neurite number, measured with NeuronJ plugin of ImageJ 
software (NIH) (*p<0.001). 
C) Quantitative analysis of neurite lenght in DA neurons differentiated for 75 days with or without long-term GDNF 
treatment. Data for untreated and GDNF-treated CTL is the average of 570 and 378 neurites, respectively from 3 
different lines; for untreated and GDNF-treated of 3 LRRK2-PD lines is 251 and 411, respectively; and for untreated and 
GDNF-treated of 3 ID-PD lines is 288 and 464, respectively. Asterisks denote statistically significant differences 
between: untreated CTL vs either ID-PD or LRRK2-PD; untreated LRRK2-PD vs GDNF-treated LRRK2-PD; untreated 
ID-PD vs GDNF-treated ID-PD. Data show mean ± s.e.m in µm, measured with NeuronJ plugin of ImageJ software 
(NIH) (*p<0.001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 28. Immunofluorescence analysis of soma size after GDNF treatment. 
A-B) Cell bodies from 15 random TH+ DAn neurons (3 CTLs, 3 LRRK2-PD and 3 ID-PD), at 75 days of culture were 
quantified with ImageJ software (NIH). Values represent the mean soma area ± s.e.m in µm2. Scale bar 10 µm. 
Asterisks denote statstically significant differences between; untreated CTL vs either untreated LRRK2-PD or ID-PD; 
untreated group vs GDNF-treated group of each iPSC line. (*p<0.001). 
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GDNF-induced neurite outgrowth is related with the prevention of macroautophagic 
vesicles accumulation in iPSC-derived patient-specific DA neurons. 
Autophagy has been shown to play key roles in maintaining neurite length [137,381], and there 
is evidence that deregulated autophagy may be a pathogenic mechanism of PD [382]. mTOR 
signalling cascade is also related to neurite elongation and branching in the central nervous 
system [383]. Given that we have demonstrated that GDNF protects from DAn neurite 
degeneration, and that mTOR is active, as judged by the phosphorylation of p70 S6K, we 
wanted to assess if GDNF has also an influence in terms of autophagosome clearance. 
Interestingly, at day 75, LC3, a marker of autophagic vesicles, has an increased relative 
presence inside the soma and neurites of patient-specific DA neurons [102], as well as 
increased mean fluorescence intensity of its signal. In contrast, long-term GDNF-treated patient-
specific DA neurons were found with fewer LC3 expressing vesicles, similar to the levels found 
in the untreated healthy CTLs, as well as lower mean fluorescence intensity (Fig. 29a-d). These 
results suggest that GDNF protects from dysfunctional autophagosome accumulation in patient-
specific DA neurons, therefore preventing their susceptibility to degenerate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29. Long-term PD GDNF-treated DAn differentiation cultures reduce accumulation 
of LC3+ autophagosomes. 
A-B) Representative images of the presence of aggregated forms of LC3 in PD DA neurons cultured for 75 days. 
Preventive treatment with GDNF reduces this aggregated forms that we show in untreated PD samples. 
Immunofluorescence of TH (green), LC3 (red) and DAPI (blue) were performed all in the same day to avoid differences 
in the emission of the fluorescence of the samples. Scale bars, 10 µm.  
C-D) Quantification of LC3 presence in TH+ neurons. between 15 and 20 images of random DA neurons were taken 
with SP5 confocal using always the same image acquisition settings. We count first the relative occupied area of LC3 in 
the neuron area. Given that image acquisition settings used were the same for all the samples, we also quantified the 
LC3 mean fluorescence intensity within the neuron. 2 CTL, 2 LRRK2-PD, and 2 ID-PD DAn differentiations were used 
for this analysis. Asterisks denote statistically significant differences between: untreated CTL vs either untreated 
LRRK2-PD or ID-PD; untreated LRRK2-PD vs GDNF-treated LRRK2-PD; untreated ID-PD vs GDNF-treated ID-PD. 
Data are presented as mean ± s.e.m. (*p<0,01). 
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GDNF prevented from ROS generation in iPSC-derived patient-specific DA neuronal 
cultures. 
Moreover, we have also demonstrated the antioxidative properties of GDNF [263,265,369]. We 
used the dye DCFH2-DA, a molecule that reacts with intracellular peroxides releasing a 
fluorescent signal that can be subsequently detected. At day 75, we exposed untreated and 
GDNF-treated DAn cultures to DCFH2-DA, and we found that patient-specific DA neuronal 
cultures have almost twice of ROS levels relative to the levels found in healthy untreated CTLs. 
However, preventive treatment with GDNF showed a significant prevention of this ROS 
generation, thus suggesting that GDNF also protects DA cultures from culture-stress conditions 
such as oxidative stress (Fig. 30). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30. GDNF long-term treatment prevented ROS formation in patient-specific DAn 
cultures. 
Asterisk denotes statistically significant differences between: Untreated CTL vs Untreated PD; Untreated PD vs GDNF-
treated PD (*p<0,01). Experiments have been perfomed three times, in triplicate, with two CTLs, one LRRK2-PD and 
one ID-PD. 
 
 
Study of the endogenous contribution of secreted GDNF within iPSC-derived patient-
specific DA neuronal cultures. 
Protective treatment with GDNF has shown to prevent PD DA neurons from cell death, neurite 
denervation, dysregulated autophagy and ROS formation. Given that some of these features 
were described in this model [102], we hypothesized that different endogenous GDNF 
expression and secretion within the DA cultures could influence iPSC-derived patient-specific 
DA neurons to degenerate. In order to answer this question, we collected medium supernatants 
at different time points of the DA neuronal differentiation on top of murine cortical astrocytes (3, 
5, and 9 weeks). In collaboration with the Cell Therapy and Molecular Physiology laboratory 
group (Instituto de Biomedicina de Sevilla, IBiS) directed by professor Juan José Toledo y Aral, 
ELISA quantification of these supernatants was performed. Results from these experiments 
revealed that, at 75 days of culture (9 weeks), both LRRK2-PD and ID-PD DAn cultures showed 
a 2-fold lower content of secreted GDNF when compared with healthy CTLs (Fig. 31). These 
data confirmed our hypothesis, and suggest that a decreased GDNF content in patient-specific 
DA cultures could be in part responsible for the higher susceptibility of patient-specific DA 
neurons to degenerate in vitro. 
Moreover, we investigated the type of cell possibly responsible in producing and secreting 
GDNF within the DA cultures. Interestingly, Hidalgo-Figueroa et al. demonstrated that the 95% 
of GDNF produced in the rodent striatum is produced by PV+ interneurons, a type of GABAergic 
neurons that represent only ~0,7% of neostriatal neurons [384]. Based on these recent findings, 
we investigated whether PV+ neurons were differently present between PD and CTLs. Here, we 
show that at day 75, PV+ neurons were completely absent in patient-specific PD DA cultures. 
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However, PV+ neurons in Ctrl DA cultures at day 75 (Fig. 32a-b) were found, although they 
were scarce, when compared with the absolute values of the overall population of TH+ or TUJ1+ 
neurons (Fig. 32d-f). Interestingly, absolute values of TH+ and TUJ1+ neurons in patient-specific 
DA cultures are significantly lower when compared with CTLs. Therefore, we suggest here that 
not only TH+ neurons die at day 75, but also the overall neuronal population of cells might be 
compromised as well. In fact, when we analysed the neuronal population of patient-specific DA 
cultures that underwent a long-term GDNF treatment after 75 days, we found that this treatment 
helped to preserve the neuronal networks and, surprisingly it promoted the generation of PV 
neurons within the culture (Fig 32c, d-f). This finding is notably promising, because it highlights 
the importance of studying other neuronal types that might have relevant and still unknown roles 
in the onset and progression of PD.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31. Long-term DAn differentiation cultures doubled the concentration of GDNF 
compared with ID-PD and LRRK2-PD samples. 
A) ELISA analysis of supernatants at different time points. Asterisk denotes a statistically significant difference of GDNF 
concentration at 9 weeks between CTL vs either LRRK2-PD or ID-PD (n=15; *p<0,05). 
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Figure 32. Parvalbumin neurons may have a protective role in DA neurons. 
A-C) Representative images of iPSC-derived neuronal cultures at 75 days of DAn differentiation: untreated CTL,  
untreated PD and long-term GDNF treated PD (TUJ1 green, TH red, PV grey, and DAPI blue). Scale bar represents 25 
µm. 
A) Representative image of a DA culture of a healthy CTL (SP09 #4) at day 75, showing a neuronal network composed 
by TH+/TUJ1+ positive neurons, PV+/TUJ1+ neurons, as well as other unidentified neuronal lineages (TUJ1+). 
B) Representative image of a patient-specific PD line (SP12 #3) at day 75, showing a modest neuronal network, 
characterised by the absence of PV+/TUJ1+, and the presence of fewer TH+/TUJ1+ neurons, as well as other unidentified 
neuronal lineages (TUJ1+). 
C) Representative image of a DA culture of a long-term GDNF-treated patient-specific PD line (SP05 #1) at day 75. The 
culture shows a major systemic improvement, characterised by a complex neuronal network, composed by the 
presence of PV+/TUJ1+, and increased presence of TH+/TUJ1+ neurons, as well as other unidentified neuronal lineages 
(TUJ1+). 
D-F) Quantitative analyses of neuronal population (PV+, TH+ and TUJ+ cells) in absolute numbers at day 75, (untreated 
CTL n=3; untreated PD n=4; and long-term GDNF-treated PD n=2). Asterisks denote statistically significant differences 
between: CTL vs PD; and PD vs PD+GDNF (*p<0,05). 
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5. DISCUSSION. 
 
iPSC-modeling in PD: Application for the study of neuroprotective strategies. 
In this thesis, we have implemented a recently published human iPSC model of LRRK2-
G2019S familial and sporadic PD [102], for the study of different compounds in the prevention 
of the appearance of in vitro PD-related cellular and molecular phenotypes. 
The obvious advantage of studying PD using patient-specifc iPSC, is that cells are from human 
origin, and therefore, they carry the precise human genetic background that may lead to the 
onset of the disease. Moreover, our method of neuronal differentiation, based on the forced 
lentiviral overexpression of LMX1A in neural progenitors, results in the efficient generation of 
DA neurons. In addition, the generated DA neuron population is enriched in the A9-subtype 
[363], which is the predominant subtype of DA neurons in the SNpc and it has also been 
demonstrated that this subtype is more prone to degenerate than other DA neurons such as the 
A10-subtype from the ventral tegmental area (VTA) [10,385]. Therefore, any disease-related 
cell phenotype that has been identified with this approach can be extrapolated to the clinical 
manifestations and progression of the disease. 
In summary, this model recapitulates the pathological features of PD, since DAn differentiation 
of either LRRK2-PD and ID-PD over a long-term culture is characterized by morphological 
alterations comprising DA neuronal loss, reduced neurite arborisation, as well as dysfunctional 
autophagy, that are not evident in the healthy controls [102]. It is worth to mention that, in this 
model, the 75-day time-span in the cultured neurons is critical for the appearance of these PD-
related phenotypes. Hence, culture-related stress conditions are thought to influence in the 
susceptibility of PD-iPSC-derived DA neurons to degenerate in vitro, thus somehow mimicking 
in vivo DA neuronal aging of PD patients, which has been demonstrated to be the most 
important PD-related risk factor. 
 
On the other hand, at the early time point of DA neuronal differentiation (21 days), both ID-PD 
and LRRK2-PD DA neurons are morphologically similar to healthy CTLs. However, at this time 
point only LRRK2-PD DA neurons are found to accumulate a diffuse cytoplasmic α-synuclein 
accumulation [102], which could indicate of a LRRK2-G2019S-specific pathological mechanism 
that may start before the onset of the disease.	
Given the likelihood that any disease-modifying drug for PD will need to be taken on a continual, 
life-long basis, assessment of efficacy and safety of a drug that will be administered chronically 
is crucial. Hence, since either PD or CTL DA neurons are morphologically undistinguishable at 
this time point, we hypothesized that starting a long-term chronic treatment at an early time, a 
compound that might be beneficial for PD DA neurons should confer neuroprotection against 
the susceptibility to degenerate, induced by culture-related stress conditions. Therefore, with 
this strategy, we pursued the prevention of the appearance of the aberrant phenotypes found 
after 75 days of DA neuronal differentiation. 
 
The observation that the common G2019S mutation of LRRK2 causes a gain of function of the 
kinase activity suggests that altered phosphorylation of downstream LRRK2 targets may have a 
pathological outcome. This made us hypothesize that DAn derived from LRRK2-PD patients 
could be treatable with chronic exposure to kinase inhibitors, thus attenuating the overall 
upregulated phosphorylation of LRRK2 downstream pathways, such as the MEK1-2 kinases. In 
particular, G2019S-LRRK2 has been found to trigger neuritic autophagy and reduced neurite 
shortening in SH-SY5SY cells, and this was attenuated with the addition of the MEK1-2 UO126 
inhibitor [137]. Moreover, excessive oxidative stress caused by the 6-OHDA in B65 cells also 
triggered a sustained kinase activation that was related to the activation of cellular pathways 
committed to cell death [374]. Therefore, previously published data suggested that abnormal 
patterns of kinase activation, either induced by G2019S mutation or the influence of the 
environment may contribute to DA neuronal cell death [137,373,374]. 
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However, although the doses used of both PD098059 and UO126 were used between the 
range of other previous studies that used these molecules [137,367,368,373,374,386], in this 
model the chronic inhibition of MEK1-2 signaling does not protect against the appearance of PD 
phenotypes. Hence, future studies should target specifically LRRK2 protein, as it has been 
successfully performed in, for instance, the work of Reinhardt et al., in vitro [357], or the recently 
published study of Daher et al., in vivo [151]. More important, studying the correct range of 
doses of a given compound in order not to abate completely the physiological activity of, for 
instance LRRK2, is a question that should be considered in future studies [216]. 
 
On the other hand, one of the most important advantages of working with this model is that, to 
date, this cell-based model is still one of the fewest that has successfully attempted at modelling 
idiopathic PD through iPSC technology [102]. Although sporadic PD represents a 
heterogeneous category of disease-causing mechanisms, the result of a complex interaction 
between unknown gene susceptibility and environmental factors (in this case culture-related 
stress conditions), at least in the cases studied, has led to the same result of DA neuronal 
degeneration and loss. Moreover, PD directly attributable to LRRK2 mutations, specifically the 
G2019S, is typically indistinguishable from sporadic PD cases, potentially indicating common 
pathogenic pathways. Therefore, using a trophic factor such as GDNF, which is known to have 
such multifunctional benefitial properties [253–255], seemed a good candidate in order to 
protect both LRRK2-PD and ID-PD DA neurons from long-term aberrant PD phenotypes. 
Indeed, GDNF long-term treatment has protected both LRRK2-PD- and ID-PD-derived DA 
neurons to degenerate. Specifically, long-term GDNF-treated patient-specific DA neurons 
increased neuronal survival, as well as neurite outgrowth and arborisation. In terms of 
morphology our data is consistent with previous studies in vivo [265,267,380] and in vitro 
[258,369]. Indeed, we found that GDNF activates both GFRα1-RET downstream pathways 
PI3K/Akt/mTORC1 and RAS/ERK1-2/MAPK, thus leading to neuritogenesis, neuronal survival, 
and cell differentiation. 
 
On one hand, activation of the RAS/ERK1-2/MAPK pathway has been found to increase 
neuritogenesis [253,254], and to induce neuronal survival and differentiation by directly 
stimulating the expression of different prosurvival genes, including anti-apoptotic proteins, such 
as B cell lymphoma-2 (Bcl-2) [377], thus protecting neurons from apoptotic cell death. 
Moreover, after the addition of GDNF, we show that the RAS/ERK1-2/MAPK pathway is rapidly 
and transiently activated after acting on midbrain DA neurons, a mechanism that has been 
previously described elsewhere [376]. Moreover, RAS/ERK1-2/MAPK pathway was found more 
activated than PI3K/Akt/mTORC1 (6-fold vs 2-fold). We suggest that, given that we show that 
NCAM-140 is expressed within the culture, the activation of an alternative pathway involving the 
coupling of GFRα1-NCAM140, could be the cause of a more pronounced activation of this 
pathway, since this alternative pathway has also been described to activate ERK1-2 through the 
phosphorylation cascade of Fyn and FAK proteins [254]. 
On the other hand, PI3K/Akt/mTORC1 pathway was found active through the analysis of a 
downstream effector that is a substrate of the activated form of mTORC1: p70 S6 Kinase (S6K). 
In particular, whereas ERK1-2 promotes cell survival by directly stimulating the expression of 
prosurvival genes, Akt is thought to suppress apoptosis by inhibiting the activities of pro-
apoptotic proteins of, for instance Forkhead or Bad, indirectly by suppressing GSK-3 apoptotic 
activities, thus increasing IAP-1 and IAP-2, Bcl-2 or Bcl-XL levels [377]. Moreover, intrastriatal 
infusion of GDNF has been found to prevent lactacystin-induced DA neuron loss by inhibiting 
the pro-apoptotic molecules Jun N-terminal kinase (JNK) and p38 and activating the pro-
survival Akt and MAPK pathways [387]. 
 
Importantly, this model previously demonstrated that DA neurons from patients presented 
defects in autophagy clearance and found a correlation between neurite retraction and 
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autophagy impairment in disease-specific DA neurons. Indeed, many neurodegenerative 
diseases have been assocaited with defects in the autophagy compartment [388], and the 
correlation between neurite retraction and activation of autophagy has been previously 
described [137]. The phosphorylation of S6K has been used as a readout for the acivation of 
mTOR, whose activation is known to suppress autophagy by inhibiting the ULK complex, which 
is responsible of the preautophagosomal structures, that lead to the complete formation of 
macroautophagosomes [379]. In addition, mTOR signaling cascade is also related to neurite 
elongation and branching in the central nervous system [383]. Therefore, a contribution of the 
long-term treatment of GDNF in preventing the accumulation of LC3 positive autophagic 
vesicles within the disease-specfic DA neurons was also expected, as the results show. 
 
Furthermore, since culture-related stress conditions are suggested to influence in the 
susceptibility of PD-iPSC-derived DA neurons to degenerate in vitro, we hypothesized that by 
the end of the day 75 of culture, patient-specific DA neurons should have increased ROS levels 
compared with CTL lines. Indeed, we have demonstrated that patient-specific DA neurons have 
almost twice of ROS levels relative to the levels found in healthy untreated CTLs. On the other 
hand, GDNF long-term treatment can promote antioxidant defense mechanisms against ROS, 
since there is a significant prevention of ROS generation in patient-specfici DA neurons that 
almost reached the levels found in untreated CTLs. In fact, in previous studies striatal GDNF 
administration moderately enhanced the activity of certain enzymes involved in the enzymatic 
detoxification of ROS, comprising superoxide dismutase, catalase and glutathion peroxidase 
[389]. Moreover, in several animal models of PD using mitochondrial toxins, which are based in 
the increase of oxidative stress and mitochondrial dysfunctionality, preventive treatment with 
GDNF has been shown to protect the nigrostriatal pathway [275]. Specifically, GDNF 
administration in the rat striatum prevents 6-OHDA-induced ROS formation [390], and it has 
also found to protect in vitro hESC-derived DA neurons from MPP+ toxicity, in part by 
attenuating the formation of ROS and caspase-3 activation [369]. 
 
It is worth to mention that GDNF delivery by either AAV or LV vectors was not effective in 
preventing or minimising neurodegeneration caused by the overexpression of α-syn with AAV-
α-synuclein vector in rodent models [311]. Specifically, overexpession of α-syn showed to 
downregulate the expression of Nurr1, and subsequently the GDNF receptor RET, thus 
reducing the availability of the receptor and consequently blocking the intracellular signalling 
response to GDNF in the striatum [312]. This study highlighted the fact that GDNF treatments 
would not be the first choice to treat advanced PD patients with a high degree of synucleopathy 
and, also important, with reduced concentrations of Nurr1, or mutations in the Nurr1 gene, as it 
has been described elsewhere [391–393]. 
However, in this model we did not address differences of Nurr1 expression between CTL and 
both LRRK2-PD and ID-PD. Moreover, we suggested that the increased cytoplasmic α-
synuclein staining found in the early time point in LRRK2-PD DA cultures [102] is probably not 
sufficient, or not containing a toxic α-syn predominant form able to block the activation of GDNF 
signaling pathways. In fact, the degree of activation of both AKT and ERK pathways in the 
LRRK2-PD is the same as the ID-PD and the healthy CTLs. Therefore, we suggest that further 
studies should address the response of GDNF to patient-specific DA neurons at later time 
points in which already compromised phenotypes, such as increased accumulation forms of α-
synuclein, could differently modulate the degree of its trophic response. Hence, in addition to its 
known neuroprotective role, these studies could help to understand whether GDNF also has a 
rescue role in a more reliable physiological background than the AAV-α-syn overexpression 
rodent models. 
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Endogenous expression of GDNF. 
It was proposed that changes in the levels of neurotrophic factors, such as GDNF, due to 
alterations in the activity, release or synthesis, associated with ageing or genetic factors, might 
be involved in the neurodegenerative process of PD [394,395]. 
However, postmortem studies analysing the distribution in the human parkinsonian brain have 
yielded conflicting results. On one hand, in situ hybridization studies failed to detect GDNF 
mRNA in the human midbrain [396], and no significant differences were found in GDNF content 
in the caudate-putamen and SN between PD and control samples [397]. On the other hand, 
using immunohistochemistry, large reductions in GDNF content are reported in surviving PD SN 
neurons [398], and more recently, using rt-PCR, modest but significantly increased levels of a 
GDNF isoform were found in the putamen of PD patients with marked nigral neuronal loss [399]. 
 
Interestingly, our data shows that by the end of the 75 day of DA differentiation, endogenous 
levels of GDNF within the DA culture of patient-specific lines are significantly 2-fold decreased 
when compared with healthy CTLs. Although our model doesn’t represent the vast complexity of 
the brain or for instance the nigrostriatal pathway, the results obtained suggest that a lack of 
GDNF trophic support might be, in part, responsible for the aberrant phenotypes found at 75 
days after long-term DA differentiation. Moreover, the concentration levels of GDNF were 
accurately measured by ELISA [371,372] in the magnitude of pg/ml. However, it should be 
noted that GDNF expression in neuronal tissues is commonly lower than that of peripheral 
organs, like for instance the kidney [254]. Consistently, Mogi et al measured GDNF protein 
levels by ELISA in lysates of different regions of the brain and found that GDNF concentration 
was also found in a low range of values, that varied between 10–70 pg/mg total protein, 
depending on the analysed brain region [397]. However, whether alterations in GDNF synthesis 
and release have any causative pathogenic role in PD is still poorly understood. 
 
Parvalbumin neurons and GDNF production. 
On the other hand, given that we found differential endogeneous levels of GDNF between CTLs 
and PD DAn cultures, we wanted to understand the nature of the cells that could be producing 
GDNF in the culture. However, immunostaining analysis of GDNF expression performed with 
antibodies are challenged by specificity considerations [255]. 
Interestingly, the use of the mouse GDNF-LacZ model has been of great value in order to 
adress the GDNF expression in the adult mice brain [261]. In particular, the LacZ expression 
driven by the Gdnf promoter, and subsequently revealed by X-gal staining (β-galactosidase 
activity), has revealed that GDNF expression in the adult mouse brain is restricted to the dorsal 
and ventral striatum, and there is no expression in the SN [262]. Interestingly, GFRα1-Ret share 
distinct patterns, and are broadly expressed in the adult CNS, a fact that can explain the 
appearance of adverse effects in previous clinical trials when GDNF was delivered 
intraventricularly [268]. Moreover, although GDNF receptor mRNAs are not detected in the 
striatum, they are highly expressed in the SNpc [400], thus indicating that in the striatum GDNF 
may specifically act on SNpc DA neurons that conform the nigrostriatal pathway, and is 
retrogradely transported to their cellular bodies in the SNpc [401], and therefore no other striatal 
cells seem to benefit from its trophic action. 
So far, the identity of the striatal neurons expressing GDNF is not completely defined, and the 
site and mechanisms of GDNF as well as the signals regulating GDNF production are also 
basicaly unknown. However, the aforementioned use of the GDNF-LacZ mouse model has 
demonstrated that almost 95% of the GDNF positive striatal neurons are Parvalbumin (PV) 
GABAergic interneurons, and in a much lesser extent choinergic (ACh) or somatostatinergic 
(SS) interneurons [384]. Moreover, in contrast with previous works suggesting a role in the glia 
(astrocytes and microglia) in producing GDNF after local brain injury [402], in the Gdnf-LacZ 
mouse model none of the GDNF expressing cells are of astrocyte or microglia origin, even after 
7-21 days after MPTP lesion [384]. 



	 83	

More surprisingly, PV GABAergic neurons represents only approximately ~0.7% of all striatal 
neurons [403], in contrast with medium spiny projecting neurons (MSNs), which represents 
almost the 95% of the rodent striatal neurons. However, the particular condition of the PV 
interneurons makes them prone to be responsible in GDNF expression. In fact, PV interneurons 
are sparsely distributed over the striatum, and their striatal topology coincided with the area 
innervated by dopaminergic terminals from the SNpc [404]. PV neurons are “fast-spiking” cells, 
thought to constitute a unique network that is highly interconnected by electrical synapses due 
to dendrodendritic gap junctions, which enable them to fire almost synchronously [405], thus 
providing trophic support to neighboring neurons such DA terminals with their soma in the SNpc 
(Fig. 33). In fact, PV neurons are thought to be a target of choice for pharmacological 
modulation of GDNF expression [255]. 
 

Figure 33. Protection of the 
dopaminergic nigrostriatal pathway 
by striatal GDNF. 
Dopaminergic (DA) neurons (green) located in the 
SNpc innervate the caudate putamen to modulate 
the activity of GABAergic medium spiny neurons 
(gray), parvalbumin (PV)-positive interneurons 
(red) and other cholinergic (ACh) or somatostatin 
(SS) interneurons (brown). PV neurons form an 
ensemble of synchronized cells through multiple 
dendrodendritic electrical synapses (resistance in 
the scheme), and release GDNF at the nerve 
terminals to provide trophic support to DA neurons 
via retrograde signaling (dotted arrow) (Modified 
from d’Anglemont de Tassigny et al., 2015 [255]). 
 
 
 
 
 
 
 
 

 
 

However, despite these recent advances in the identification of GDNF-producing interneurons in 
the rodent striatum, the nature of the cells that produce GDNF in the human striatum remains as 
yet unidentified. Moreover, given the low percentage of PV that may participate in the secretion 
of GDNF we were skeptical in finding PV neurons in our DA cultures. Nevertheless, we have 
shown that PV neurons can be found in our culture when analysed at day 75, although they 
were scarce and, most important, they were only found in CTLs, in which endogenous GDNF 
levels were found 2-fold increase when compared with PD DA cultures. Specifically, at day 75 
absolute values of the neuronal population of CTL DA cultures revealed an increased number of 
neurons when compared with PD DA cultures, comprising predominantly TH neurons and in 
much lesser extent PV neurons. Moreover, since the overall neuronal population in PD DA 
cultures is compromised if compared with CTLs, we suggest that this is probably affecting the 
proper maturation of the neuronal culture, thus impeding the generation of PV neurons. In fact, 
when we treat PD DA cultures with GDNF, it helped to protect and improve the overall neuronal 
population and, surprisingly, it promoted also the generation of PV neurons within the culture. 
 
Nevertheless, since we could not address by immunofluorescence if the generated PV neurons 
were secreting GDNF in our culture, the connection between the presence of PV neurons in 
CTL cultures and higher levels of GDNF is modest, and further studies need to address this 
question. Nevertheless, these data is importantly promising and it strongly encourages the 
study of other neuronal and neural cell types that could influence in the onset and progression 
of PD. 
In fact, to date, no studies have been performed analysis in the status of striatal PV 
interneurons in postmortem PD brains. In contrast, PV neurons have already been the aim of 
the study in other neurological diseases such as Hungtington Disease (HD) and Tourette 
Syndrome (TS) [406–408]. First, Reiner et al. have shown in postmortem studies that PV striatal 
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interneurons are rapidly lost in HD, and that the progression of loss from motor striatum 
coincides with the dystonia emergence of this disease [406]. Second, Kataoka et al. also 
showed a depletion of PV cells in the striatum of postmortem TS brains [407]. Interestingly, both 
studies show that PV neurons are not abundant in the striatum of human normal brains as it 
was shown in the mice striatum [384]. Third, a TS family study revealed a common genetic 
variant in the GDNF gene, associated with the disease, and they suggested a possible 
connection between impaired production of GDNF and depletion of PV neurons in TS [408]. 
Hence, further studies should address the status of PV neurons in postmortem PD brains, which 
will give some clues in how this type of neuron can affect the progression of PD. In addition, 
using iPSC technology in order to study different neural types [409,410], might help in 
understanding the different roles that specifically each brain cell type has in the maintenance 
and survival of the DA nigrostriatal pathway and in the pathogenesis of PD. 
 
Future directions. 
Despite all recent advances in the research of trophic therapies, disease-modifying therapies 
using either GDNF or NTRN, still have not demonstrated their efficiency in more complex 
clinical studies. The reasons are likely multifactorial, including technical delivery issues 
[271,278], and also due to unanticipated biological complexities probably caused by the 
advanced stage [279], and due to synucelopathy toxicity that mitigates the activity of 
neurotrophic factors [312]. Moreover, in advanced PD patients, the degeneration of the striatal 
terminals to nigral cell bodies, are thought to impair an effective retrograde transfer of GDNF to 
the SNpc [411]. However, after almost one decade since the last clinical trial with GDNF, 
currently new clinical approaches based on new technologies for GDNF protein delivery are 
arising and incoming results from them will be heard in the coming year (Table 7). 
 
Importantly, a major possible inconvenient of viral vector delivery gene therapies is that 
transferred genes could be uncontrollably overexpressed. Indeed, GDNF can lead to GDNF-
induced cerebellar toxicity [412], thus masking the potential benefits of GDNF [413]. Therefore, 
pharmacological modulation of GDNF-expressing viral vectors that could express it in a more 
physiological manner, although still in its initial stages of development, is particularly attractive 
when considering new therapeutic approaches to protect nigrostriatal degneration and 
concomitantly prevent adverse effects from sustained high GDNF delivery [255]. 
 
As aforementioned, between 30-50% of DA neurons are lost during the first year of PD 
diagnosis, and this percentage increases dramatically after 4 years of the first diagnosis, 
reaching almost the 90% of them [6]. This dramatic feature has obvious implications for the 
timing of clinical trials that test neuroprotective treatments such as trophic therapies. 
In fact, our model has demonstrated that, in an early time-point, iPSC-PD-derived DA neurons 
do respond cellular and molecularly to the neuroprotective long-term chronic treatment of GDNF 
in multifactorial ways, comprising neurite outgrowth, increased cell survival, reduced ROS levels 
and prevented the accumulation of macroautophagic vesicles. 
On the other hand, the clinical study from Olanow et al., using AAV-NTRN delivery in both SNpc 
and caudate did demonstrate significant efficacy in a small group of patients with early stage PD 
[279] (Table 7). This suggests the necessity for earlier intervention approaches of neurotrophic 
therapy in progressive neurological diseases such as PD, if significant clinical neuroprotection 
or neurorestorative benefits want to be achieved. 
Therefore, early intervention will be crucial for success. In fact, improving early diagnostics, as 
well as moving to a diagnosis prior to the emergence of movement impairment, will be key to 
developing effective new treatments. For effective therapies, stratification of PD patients 
according to their aetiology is also crucial as these may vary between patient groups. It seems 
plausible that not one single but a combined therapy is required to effectively combat cell 
degeneration and restore neuronal functions in PD. 
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Finally, advanced PD patients should not lose hope in finding a cure for PD. To date, different 
targets have emerged in the research of disease-modifying therapies that eventually will be able 
to fit the needs of each condition [203,273]. For instance, it is worth noting that PD patients that 
suffer from acute synucleopathies in a long future they might be able to benefit from α-syn-
targeted immunotherapies that may have the potential to attenuate neuroinflammatory-
associated neurotoxicities, as well as α-syn accumulation in the brain. 
Moreover, independently of the levels of α-synuclein, advanced PD patients suffer from a 
massive loss of DA neurons. Therefore, restorative therapies to improve their condition probably 
have to go through cell replacement therapies combined with the addition of an adequate 
trophic support to help in reinnervating the affected parts of the brain, such as the striatum. 
CRT, although still in its initial phases, in which safety and efficiency issues are still a matter of 
debate, should be available not in a very long future. In addition, with better and safer GDNF 
delivery approaches on the way, restorative therapies in advanced PD patients should not be 
considered utopic. 
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6. CONCLUSIONS. 
 
1. We have implemented the use of iPSC-derived patient-specific DA neurons for the study of 
neuroprotective strategies. 
 
2. GDNF long-term chronic treatment is neuroprotective in iPSC-derived patient-specific DA 
neurons. Specifically, GDNF has shown to: 
 
2.1. Increase neuronal survival by preventing neuronal death and promoting DA neuronal 
differentiation. 
 
2.2. Increase neurite elongation and arborisation of DA neurons. 
 
2.3. Activate cell survival pathways PI3K/Akt/mTORC1 and RAS/ERK1-2. 
 
2.4. Protect from the accumulation of macroautophagic vesicles in DA neurons. 
 
2.3. Prevent ROS generation in DA cultures, thus protecting from culture-stress conditions, such 
as oxidative stress. 
 
3. We found a 2-fold-decreased in the endogenous GDNF levels within the long-term DAn 
differentiation cultures from both LRRK2-PD and ID-PD cultures. We suggest that a lack of 
GDNF in our culture could be responsible in part of the increased susceptibility of PD-related 
DA neurons to undergo neurodegeneration. 
 
4. We suggest that the increased presence of GDNF in CTL is due to the specific presence of 
Parvalbumin neurons in the DA neuronal cultures. PV neurons are thought to be the main type 
of neuron that secrete GDNF in the striatum. However, further studies based in the analysis of 
postmortem PD brains, as well as the use of iPSC technology towards the differentiation of 
other neronal types such as GABAergic PV interneurons, are needed to study the specific 
contribution of this neuronal type in the maintenance and survival of the DA nigrostriatal 
pathway and in the pathogenesis of PD. 
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Abstract: Cellular reprogramming of somatic cells to human pluripotent stem cells (iPSC) 
represents an efficient tool for in vitro modeling of human brain diseases and provides an 
innovative opportunity in the identification of new therapeutic drugs. Patient-specific iPSC 
can be differentiated into disease-relevant cell types, including neurons, carrying the 
genetic background of the donor and enabling de novo generation of human models of 
genetically complex disorders. Parkinson`s disease (PD) is the second most common  
age-related progressive neurodegenerative disease, which is mainly characterized by 
nigrostriatal dopaminergic (DA) neuron degeneration and synaptic dysfunction. Recently, 
the generation of disease-specific iPSC from patients suffering from PD has unveiled a 
recapitulation of disease-related cell phenotypes, such as abnormal �-synuclein accumulation 
and alterations in autophagy machinery. The use of patient-specific iPSC has a remarkable 
potential to uncover novel insights of the disease pathogenesis, which in turn will open 
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new avenues for clinical intervention. This review explores the current Parkinson8s disease 
iPSC-based models highlighting their role in the discovery of new drugs, as well as 
discussing the most challenging limitations iPSC-models face today. 

Keywords: induced pluripotent stem cells; Parkinson8s disease; Leucine-rich repeat kinase 
2 (LRRK2); dopaminergic neurons 

 

1. Parkinson’s Disease 

Parkinson8s disease (PD) is the second most common neurodegenerative disease in the world after 
Alzheimer8s disease (AD), affecting 2% of the population over the age of 60. The mean duration of the 
disease from the time of diagnosis to death is approximately 15 years, with a mortality ratio of 2 to 1 in the 
affected subjects [1]. 

PD is characterized by debilitating motor deficits, such as tremor, limb rigidity and slowness of 
movements (bradykinesia) although non-motor features, such as hyposmia, cognitive decline, depression, 
and disturbed sleep are also present in later stages of the disease [1S3]. Neuropathologically, these motor 
deficits are caused by the progressive preferential loss of striatal-projecting neurons of the substantia nigra 
pars compacta; more specifically a subtype of dopaminergic neurons (DAn) patterned for the ventral 
midbrain (vmDAn). Neuronal loss is typically accompanied by the presence of intra-cytoplasmic  
ubiquitin-positive inclusions in surviving neurons. These structures are known as Lewy bodies and Lewy 
neurites and they are mainly composed of the neuronal protein �-synuclein (�-syn). These protein 
inclusions are not only found throughout the brain but also outside of the CNS. Moreover, microglial 
activation and an increase in astroglia and lymphocyte infiltration also occur in PD [4]. 

Approximately 90%S95% of all PD cases are sporadic with no family history. Although disease onset 
and age are highly correlated, PD occurs when complex mechanisms such as mitochondrial activity, 
autophagy or degradation via proteasome are dysregulated by environmental influence or PD-specific 
mutation susceptibility [5]. 

Studies of rare large families showing classical Mendelian inherited PD have allowed for the 
identification of 11 genes out of 16 identified disease loci. They include dominant mutations in  
Leucine-rich repeat kinase 2 (LRRK2), recessive mutations in Parkin (coded by PARK2) and  
PTEN-induced putative kinase (PINK1) [6], as well as both rare dominant mutations and multiplications in 
the gene encoding �-synuclein (SNCA).  

Current treatment for PD is limited to targeting only the symptoms of the disease and does not cure or 
delay disease progression. Therefore, the identification of new and more effective drugs to slow down, stop 
and even reverse PD is critical. This limited symptomatic treatment is due to the lack of clear 
understanding of the underlying mechanisms affected during PD. Using patient-specific iPSC-based 
models to recapitulate the disease from start to finish delivers a more detailed picture of the mechanisms 
involved in the progression of Parkinson8s disease and will aid in the discovery of disease-targeted 
therapies in the future.  
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2. Models of Parkinson’s Disease 

Despite advances in the identification of genes and proteins involved in PD, there are still gaps in our 
understanding of the underlying mechanisms involved [7,8]. The lack of PD models fully representing the 
complex mechanisms involved in disease progression, as well as the near impossible task of extracting live 
neurons from patients has proven the investigation of PD difficult [8]. In general, genetic mouse models do 
not represent the pathophysiological neurodegeneration and protein aggregation pattern observed in PD 
patients [9,10], and are thus limited [11,12]. On the other hand, PD animal models of administration of 
neurotoxins systemically or locally have successfully replicated DAn neurodegeneration, however they fail 
to recapitulate the degeneration in a slow and progressive manner, nor the formation of Lewy body-like 
inclusions which occur in PD human pathology [13]. 

Although the cellular models of PD, mostly based on human neuronal tumor cell lines, have provided 
helpful insights into alterations in specific subcellular components (such as proteasome, lysosome and 
mitochondrion), the relevance of these findings for PD pathogenesis is not always immediate. These 
models do not, however, investigate the defective mechanisms within the predominantly affected cell in 
PD, the DAn [14]. In addition, all studies involving human tissue have been performed with post-mortem 
samples, which can only allow for a limited analysis.  

The recent discovery of cellular reprogramming to generate induced pluripotent stem cells (iPSC) from 
patient somatic cells offers a remarkable opportunity to generate disease-specific iPSC [15], and to 
reproduce at a cellular and molecular level the mechanisms involved in disease progression. The use of 
iPSC offers not only the possibility of addressing important questions such as the functional relevance of 
the molecular findings, the contribution of individual genetic variations, patient-specific response to 
specific interventions, but also helps to recapitulate the prolonged time-course of the disease (Figure 1). 

3. Generation of PD-Specific iPSCs 

In recent years, neurodegenerative disease research has quickly advanced with the help of stem cell 
technology reprogramming somatic cells, such as fibroblasts, into induced pluripotent stem cells  
(iPSC) [15]. Human iPSC share many characteristics with human embryonic stem cells (hESC), including 
similarities in their morphologies, gene expression profiles, self-renewal ability, and capacity to 
differentiate into cell types of the three embryonic germ layers in vitro and in vivo [16]. An important 
advantage of induced cell reprogramming is represented by the possibility of generating iPSC from patients 
showing sporadic or familial forms of the disease. These in vitro models are composed of cells that carry 
the patientsW genetic variants, some known and others not, that are key to the contribution of disease onset 
and progression. Moreover, given that iPSC can be further differentiated into neurons, this technology 
potentially provides, for the first time, an unlimited source of native phenotypes of cells specifically 
involved in the process related to neuronal death in neurodegeneration in vitro. 

One issue found in modeling PD with the use of iPSC is to correctly reproduce its late-onset 
characteristics, since aging is a crucial risk factor. Indeed, at first it was unclear whether disease-specific 
features of neurodegenerative disorders that usually progressively appear over several years were 
reproducible in vitro over a period of only a few days to a few months. As a consequence, iPSC were 
initially used to model neurodevelopmental phenotypes and a variety of monogenic early-onset  
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diseases [17+24]. However, studies using iPSC derived from patients with monogenic and sporadic forms 

of PD have illustrated these key features of PD pathophysiology, as a late-onset neurodegenerative 

disorder, after differentiating these iPSC into dopaminergic neurons. Moreover, several inducible factors 

that cause cell stress, such as mitochondrial toxins [25], growth factor deficiency, or even modulated aging 

with induced expression of progerin (a protein causing premature aging) [26], have also been used to 

accelerate and reproduce the phenotypes found during disease progression.  

 

Figure 1. Generation and use of iPSC modelling in PD. Somatic cells from a diseased 

patient are isolated and then reprogrammed to a pluripotent state (iPSCs). iPSCs can be 

maintained in culture or induced to differentiate along tissue- and cell-type specific 

pathways. Differentiated cells can be used to elucidate disease mechanism pathways, as 

well as for the development of novel therapies. 

In this review, the recent work on iPSC-based PD modeling for both sporadic and familial cases will be 

discussed, as well as how iPSC-based studies are helping in the advancement of novel drug discoveries. 

These studies give insight for the fundamental understanding of PD pathogenesis, which is critical for the 

development of new treatments. 

4. Modeling Sporadic and Familial PD Using iPSC 

Over the last few years, several studies have reported the generation of iPSC from patients suffering 

from sporadic and genetic forms of PD (Table 1). The first group generated PD-specific iPSC from a 

sporadic PD patient in 2008 [27]. Over the following year, the JaenischTs group was able to demonstrate 

that iPSC derived from PD patients were able to differentiate towards DAn, however, no characteristic 

signs of progressive neurodegeneration or disease-related phenotypes were observed in those cells [28]. 

The Jaenisch group generated gene-free iPSC lines from skin fibroblasts of five idiopathic PD patients. 

Using in vivo experiments, they showed that PD-specific iPSC-derived DAn were able to survive and 

engraft in the rodent striatum for at least 12 weeks. A small number of these cells co-expressed tyrosine 

hydroxylase (TH) and G-protein-gated inwardly rectifying K+ channel subunit (GIRK2), which are the 

hallmark characteristics of vmDAn. Remarkably, injection of these iPSC-derived DAn into the brains of  

6-OHDA-lesioned rats resulted in motor symptoms improvement [29]. 
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Many laboratories have now successfully recapitulated in vitro some of the characteristics of PD, using 
iPSC as a model compared to the aforementioned studies in which no signs of Parkinson>s disease were 
observed. However, given that PD is a progressive aging disease that affects several cellular mechanisms 
involving different cell types, each iPSC model highlights only some PD-associated characteristics. 
Nevertheless, each one of these models has helped to understand some of the fundamental underlying 
mechanisms as a proof-of-concept. In the last few years, iPSC-model reliability has rapidly improved and 
has paved the way for the discovery of new complex biomolecular interactions in the pathogenesis of PD. 
Thus, iPSC modeling has shown to be promising as a tool for drug-screening platforms in the future. 

Recently, iPSC-derived DA neurons carrying a triplication of SNCA, the coding gene for �-syn protein, 
have been generated [30,31]. These cells showed enhanced �-syn mRNA and protein levels [30] and 
increased cell death vulnerability when exposed to oxidative-stress inducers [31]. Using an iPSC model 
based on the rare missense A53T SNCA mutation, Chung et al. observed early pathogenic phenotype in 
patient-derived neurons, compared to isogenic gene-corrected controls. In particular, they observed a 
connection between nitrosative and ER stress in the context of �-syn toxicity. Interestingly, the levels of 
CHOP (CCAAT enhancer binding protein homologous protein), a component of ER stress-induced 
apoptosis, did not change, indicating that in this model cellular pathology was still at an early stage [32]. 
iPSC-derived DAn, carrying the A53T SNCA mutation, also showed �-syn aggregation, altered 
mitochondrial machinery, thus enhancing basal ROS/RNS production [25]. The increase of RNS 
production leads to S-nitrosylation of the pro-survival transcription factor MEF2 and its consequent 
inhibition, reducing the expression of the mitochondrial master regulator PGC1� and genes that are 
important for the development and survival of A9 DAn [43]. Interestingly, Ryan et al., postulated that the 
MEF2-PGC1� pathway contributes to the appearance of late-onset phenotypes in PD due to the complex 
interaction between environmental factors and gene expression. Indeed, when PD-associated pesticides 
were added below EPA-accepted levels, this was enough to exacerbate oxidative/nitrosative stress, 
inhibiting MEF2-PGC1� and inducing apoptosis, a late-onset phenotype [25]. 

Interestingly, �-syn is one of the main pathological readouts for many of the sporadic and familial PD 
cases that are not related with mutations in SNCA [44]. For example, the clinical link between the 
lysosomal storage disorder Gaucher disease (GD) and PD appears to be based on the fact that mutations in 
acid GBA1 gene, which causes GD, contributes to the pathogenesis of synucleinopathies [33,34]. GBA1 
encodes the lysosomal enzyme �-Glucocerebrocidase (GCase), which cleaves the �-glucosyl linkage of 
GlcCer. Functional loss of GCase activity in iPSC-derived neurons has been associated with compromised 
lysosomal protein degradation, which in turn induces �-syn accumulation, resulting in neurotoxicity 
through aggregation-dependent mechanisms [33]. In addition, iPSC-derived neurons carrying the 
heterozygous mutation in GBA1 also have shown increased levels of GlcCer, changes in the 
autophagic/lysosomal system and calcium homeostasis, which may cause a selective threat to DA neurons 
in PD [34]. 

Similarly to mutations in GBA1, mutations in PINK1 and PARK2 are also associated with early onset 
recessive forms of familial PD [45]. Both proteins, PINK1 and Parkin, are involved in the clearance of 
mitochondrial damage. Therefore their mutations cause a PD characterized by mitochondrial stress as main 
feature [46^48]. Under physiological conditions, Parkin, which is localized in the cytoplasm, is 
translocated to damaged mitochondria in a PINK-dependent manner triggering mitophagy [49]. This has 
been confirmed in iPSC-derived DA neurons carrying a mutation in PINK1. In these cells, Parkin 
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recruitment to mitochondria was impaired and only over-expression of WT PINK1 was able to rescue the 
function [37]. On the other hand, iPSC models for mutation in PARK2 revealed an increase of oxidative 
stress. Jiang and colleagues showed that iPSC from patients carrying mutations in PARK2 enhanced the 
transcription of monoamine oxidase, the spontaneous release of dopamine and significantly decreased 
dopamine uptake, increasing susceptibility to reactive oxygen species [35]. Although the incremented 
oxidative stress has been confirmed in a parallel study, in this study no difference in monoamine oxidase 
was observed [36]. On the contrary, the oxidative stress was accompanied by a compensation mechanism 
that involved the activation of the reducing Nrf2A pathway [36].  

Mutations in LRRK2 have been one of the most studied mutations in PD, not only because they are the 
most common cause of familial PD, but also because clinical symptoms of LRRK2-PD are similar to those 
of idiopathic PD [50]. The most common mutation is the G2019S, which results in  
hyper-activity of the LRRK2 kinase domain. Although penetrance of this gene has shown to be variable 
between individualsU age, iPSC model of a G2019S LRRK2-PD has recapitulated characteristic features of 
PD, such as accumulation of �-syn, increase in genes responsible for oxidative stress and enhanced 
susceptibility to hydrogen peroxide, which is displayed through caspase-3 activation [39]. Furthermore, the 
expression of key oxidative stress-response genes and �-syn were found to be increased in neurons from 
LRRK2-iPSC, when compared to those differentiated from control iPSC or hESC.  

Our group has generated iPSC lines from seven patients with idiopathic PD and four patients carrying 
G2019S mutation in the LRRK2 gene [40]. We observed morphological alterations in PD-derived iPSC 
vmDAn (fewer and shorter neurites) as well as an increase in the number of apoptotic neurons over a  
long-time culture (2.5 months). Moreover, we found an accumulation of �-syn in LRRK2-iPSC derived 
DAn after a 30 days culture. 

Sporadic forms of PD are not as well defined, given that they may be caused by several genetic variants, 
as well as a strong environmental effect. However, our study revealed that DAn, which were derived from 
idiopathic PD patients, also showed an increased susceptibility to degeneration in vitro after long-term 
culture [40].  

Importantly, the appearance of the neurodegenerative phenotypes in differentiated DAn from either 
idiopathic or LRRK2-associated PD was shown to be the consequence, at least in part, of impaired 
autophagy. Blockade of autophagy by lysosomal inhibition showed a specific reduction in autophagic flux 
by LC3-II immunoblotting, suggesting that the clearance of autophagosomes was compromised [40]. 
Proteins may also enter the autophagic process directly at the lysosome level, via chaperone-mediated 
autophagy (CMA). Increased co-localization of �-syn with LAMP2A puncta in iPSC-derived LRRK2 DAn, 
revealed a compromised degradation of �-syn by CMA [41]. Although both wild-type and mutant LRRK2 
inhibit CMA, G2019S LRRK2 protein was more resistant to the CMA-mediated degradation, resulting in 
�-syn accumulation [41]. Furthermore, the same phenotype was induced by over-expression of wild-type 
or G2019S LRRK2 in control iPSC-derived cultures [40] and rescued by LRRK2 inhibition [42]. Indeed, 
iPSC-derived DAn cultures from isogenic G2019S LRRK2 lines (mutation being the sole experimental 
variable) exhibited an increased mutant-specific apoptosis and decreased neurite outgrowth, as well as 
alterations in the expression of several pERK (phosphorylated ERK) controlled genes, all of which could 
be rescued by the inhibition of LRRK2 [42]. Moreover, the genetic correction of LRRK2 mutation resulted 
in the phenotypic rescue of differentiated neurons with improved neurite length to levels comparable to 
those of controls.  
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5. Patient-Derived Stem Cells Could Improve Drug Research for PD 

An important goal of humanized stem cell-based PD model systems is the screening of potential new 
drugs that could affect the neurodegenerative process at several levels during its development in 
specifically affected human cells. Moreover, the availability of such patient-specific stem cell-based model 
systems could help identifying new pharmacological strategies for the design of personalized therapies. 
Recently, iPSC-derived forebrain neurons have been used as a platform to screen disease-modifying drugs, 
highlighting the possibilities of iPSC technology as an in vitro cell-based assay system for AD  
research [51]. A recent study has also taken a significant leap towards personalized medicine for PD 
patients, by investigating signs of the disease in patient-specific iPSC-derived neurons and testing how the 
cells respond to drug treatments [38]. The study showed that neurons derived from PD patients carrying 
mutations in the PINK1 or LRRK2 genes display common signs of distress and vulnerability such as 
abnormalities in mitochondria and increased vulnerability to oxidative stress. However, they found that 
oxygen consumption rates were lower in cells with mutations in LRRK2 and higher in cells with the 
mutations in PINK1. Notably, they were able to rescue the phenotype caused by toxins to which the cells 
were exposed to with various drug treatments, including the antioxidant coenzyme Q10 and rapamycin. 
Most importantly, the response of iPSC-derived neurons was different depending on the type of familial 
PD, since drugs that prevented damage to neurons with mutations in LRRK2, did not protect neurons with 
mutations in PINK1 [38].  

In addition, Ryan and colleagues performed a high-throughput screening (HTS) to identify molecules 
that are capable of protecting DAn from the toxic effect of PD-associated pesticides. They observed that 
the MEF2-PGC1� pathway contributes to the late-onset PD phenotypes due to the interaction between 
environmental factors and gene expression [25]. They performed HTS for small molecules capable of 
targeting the MEF2-PGC1� pathway and they identify isoxazole as new potential therapeutic drug. 
Isoxazole, not only drove the expression of both MEF2 and PGC1�, but also protected A53T DAn from 
pesticide-induced apoptosis [25]. 

Chung and colleagues investigated yeast and iPSC PD models in parallel to discover and reverse 
phenotypic responses to �-syn. In conjunction to what was previously reported, they showed a connection 
between �-syn toxicity, accumulation of NO and ER stress [32]. With these results, they took a step further 
by screening for possible �-syn toxicity suppressors in their iPSC model, to compare with their previous 
yeast screenings [52Y54]. In particular they showed that the ubiquitin ligase Nedd4 and its chemical 
activator NAB2 [53] are able to rescue the �-syn toxicity in patient-derived neurons [32], opening a door to 
a new potential drug treatment.  

These results encourage the use of iPSC technology as a tool to discover potential therapeutic drugs. 
However, concluding for what recent studies have unveiled up until now focusing only on genetic forms of 
PD, it remains to be determined whether this advanced technology can be used also in sporadic patients 
with uncertain genetic cause of the disease.   
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6. Limitations of Using iPSC in Disease Modeling: From Overall Neurodegeneration to the 
Detailed Mechanisms Involved 

6.1. Reprogramming and Epigenetic Signatures 

Reprogramming increases cell variability due to the introduction of mutations in the genomic DNA [55] 
and the insertion of exogenous reprogramming genes. Moreover reprogrammed cells maintain a residual 
DNA methylation signature characteristic of the somatic tissue of origin [56B59] affecting also gene 
expression [60]. These issues can affect the predisposition of a given line to differentiate into particular cell 
type independently of the patientFs genotype, and will abrogate the possibility of using these lines for cell 
therapy treatment in the future. To decrease the impact of these technical limitations, more than one clone 
for each iPSC line is usually analyzed. However, the use of integrating methods, such as lenti- and  
retro-virus infection for gene transduction, not only increases cell variability, but also maintains residual 
expression of exogenous reprogramming genes that is only partially lost through cell passaging. The 
residual expression of reprogramming genes can, not only create problems during cell differentiation, but 
overall iPSC do not need a constant over expression of reprogramming genes. Indeed, the reprogramming 
process by which a somatic cell acquires pluripotent potential is not a genetic transformation, but an 
epigenomic one [61], therefore only a transient expression of reprogramming genes needs to be activated. 
Alternative methods to the retro- or lenti-viral infection, have been recently adopted. These include the use 
of non-integrating viral vectors such as Sendai virus [62], episomal vectors [63], protein transduction [64], 
or transfection of modified mRNA transcripts [65]. These methods of reprogramming are relevant in the 
context of any future clinical applications of iPSCs in the field of transplantable replacement cell therapies. 

As aforementioned, one of the major concerns in iPSC modeling through the reprogramming of somatic 
cells into iPSCs has been that of resetting the identity of these cells back to an embryonic stage, therefore 
having to consider the generated iPSC-derived neurons as fetal neurons. Given the slow progression of 
neurodegenerative diseases, the idea of modeling this type of disease in a dish has been highly doubted. 
However, despite the typical late-onset of PD, the key cellular and molecular pathological mechanisms 
may have started before the onset of the disease. Therefore, �-syn accumulation, autophagic clearance and 
mitochondrial dysfunctions, among other pathological mechanisms afforested, could have been active in 
the early stages of the disease. The cumulative effect of these abnormalities along with the effect of 
environmental influence, have been shown to progressively encourage neurodegeneration [25]. In addition 
the use of cell stressors and inducible aging [26] also have shown the possibility of accelerating the 
appearance of diseased phenotypes in a dish. 

6.2. Reliable Control Lines and Gene-Editing 

Comparative studies require an appropriate control that accounts for differences between lines due only 
to the genotypic background that exists between individuals. This is especially crucial in diseases whose 
causative mutations do not have a high penetrance. For example, when complex diseases, such as PD, are 
modeled with patient- and healthy donor-derived iPSC, the patient iPSC tend to show subtle phenotypes 
that can be masked by genetic background effects [66]. For this reason, it is imperative to remove the 
excess genetic variation between iPSC clones and controls, to ensure a more reliable comparative analysis. 
Given that to obtain iPSC from unaffected siblings or parental controls is not often possible, a solution is to 
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generate isogenic controls directly from the patient iPSCs. In the last years, several research groups have 
used this approach to correct known mutations [25,26,32,34,42,67], or even utilizing the introduction of the 
same mutation in control iPSC lines to see the effect of just the mutation itself [42,67]. For this reason, 
isogenic controls have claimed to be crucial when it comes to assess the impact of any mutation on specific 
cellular processes. Therefore, editing technologies based on Zinc Fingers Nucleases, TALENs or  
CRISPR [68], have become indispensable tools in developing comparative studies in iPSC models, 
allowing for the reduction of iPSC cohorts. 

6.3. Cell Differentiation and Sorting 

The efficacy of ParkinsonQs disease iPSC models depends highly on their ability to correctly 
differentiate neurons into the specific cell type that is affected by the disease (in this case A9 dopaminergic 
neuronal subtype). Indeed this is critical in order to recapitulate disease features in vitro and observe 
comparative differences between diseased and healthy control lines. Neuronal differentiation of iPSC into 
DA neurons is not only subjected to high variability of efficiency, depending on the techniques used in a 
laboratory, but also on the specific ability of each iPSC line. For example, by comparing the studies 
reported in this review, the percentage of DA neurons compared to the total number of cells varies 
depending on each cell line, differentiation method and even laboratory group (Table 1). Throughout the 
field, groups encountered problems in yielding a high percentage of DA neurons within the differentiated 
population. Therefore, although a number of results are based on the disease phenotype through the 
identification of TH positive cells by immunocytochemistry, protein immunoblots in which all cell 
populations are considered skews the data. More specifically, the levels of affected protein in the few TH 
positive cells may be diluted and missed when mixed with the whole population of differentiate cells when 
analyzed. Interpretation of these results have been, thus, controversial, especially in the cases in which PD 
iPSC-derived models have low yield in DA differentiation, which probably cannot go beyond the gross 
neurodegeneration mechanisms that they have observed. Thus, delving deep inside the biomolecular 
pathways affected in PD will require a more fine-tuned differentiation protocol that allows the enrichment 
of the cell type of interest. To achieve this, a novel floor-plate-based strategy described by Kriks and 
colleagues has become the gold standard in the generation of human A9 vmDA neurons for both 
transplantation and research purposes [69]. The protocol is based on the concurrent inhibition of two 
parallel SMAD/TGF-� (transforming growth factor-�) superfamily-signaling pathways, which during CNS 
development induce no-neuronal fates such as endoderm or mesoderm. This inhibition directs the cell 
culture to a predetermined neural progenitor fate with an efficiency of at least 80% of PAX6+ neural cells 
among total cells [70]. Differentiation of these neuronal stem cells into mature vmDAn is then instructed 
through the molecular guidance of Sonic Hedgehog (SHH), FGF8 and more importantly Wnt signaling 
pathway induction, which enhances expression of the transcription factors FOXA2 and LMX1A [71,72]. 
The final step of neuronal maturation is achieved through the use of a cocktail of neurotrophic factors, 
including BDNF, GDNF, TGF�3, dbcAMP, and ascorbic acid (Figure 2). Interestingly, the most recent 
papers reviewed here have started to implement the A9 vmDAn enrichment protocol [25,26,34] with the 
addition of isogenic-corrected controls [25,34]. Moreover, Schöndorf and colleagues improved the Kriks 
differentiation protocol thanks to the use of a cell sorting method (Fluorescence-activated cell sorting), 
which allowed for a 6.1-fold enrichment of the neuronal population. This step of sorting was necessary to 
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assess reliable biomolecular changes that could not have been assessed with an unsorted heterogenic 
population [34]. 

 

Figure 2. Schematic summary of the novel floor-plate A9 vmDAn differentiation protocol 

by Kriks [69]. The first stage illustrates floor-plate induction [70], with the appropriate 
modification in order to reach a more specialized A9 midbrain DA neuronal identity. 
Exposure to LDN (LDN193189) and SB (SB431542) triggers the Dual-SMAD inhibition. 

Purmorphamine (Pur), which activates Sonic Hedgehog (SHH) signaling, together with 
SHH and FGF8 is not sufficient to trigger a selective enrichment of midbrain DA 
precursors. However, SHH/Pur/FGF8 in combination with exposure to CHIR99021 (a 

potent GSK3� inhibitor known to strongly activate WNT signaling) allows for a  
complete enrichment of DA precursors with A9 midbrain identity, by inducing the 
expression of FOXA2 and LMX1A. Neural differentiation and maturation is achieved 

through the use of a cocktail of neurotrophic factors BAGCT (BDNF + ascorbic acid + 
GDNF + dbcAMP + TGF�3). 

On the other hand, to unveil the mechanisms behind pathophysiological processes such as 

neuroinflammation, the investigation of all cells responsible for the maintenance of CNS homeostasis, such 
as astrocytes and microglia, is crucial. Nevertheless, the study of a more isolated system may allow 
investigators to detect early events of a disease that would otherwise be missed.  

7. Conclusions and Challenges 

PD is a progressive neurodegenerative disease resulting in the gradual loss of vmDA neurons, as well as 
cytoplasmic inclusions called Lewy Bodies. The exact mechanisms leading to vmDA neuronal death in PD 

are still unclear, although pathogenic protein aggregation of �-synuclein, mitochondrial dysfunction, 
oxidative and nitrosative stress, or altered autophagy have been proposed as mechanisms that contribute to 
this devastating neurodegenerative process. The generation of reliable iPSC-based models for late-onset 

neurodegenerative disorders, in which the etiology is yet to be uncovered, has proven to be difficult to 
overcome. However, recent advances in the field have demonstrated the feasibility of developing 
experimental models of PD based on iPSC from patients of both genetic and idiopathic forms of PD that 

recapitulate the key features of the disease. The successful generation of these genetic and idiopathic PD 
models has opened the door bringing to light some of the crucial pathogenic mechanisms responsible for 
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the initiation and progression of PD, as well as aid in the development of novel drugs that may prevent or 

rescue neurodegeneration in PD. Recent findings in the field have moved far beyond the proof-of-principle 

stage, and have started to optimize and standardize these models for the discovery of new aspects of 

disease biology and new targets for therapeutic intervention. The use of isogenic-corrected controls, more 

reliable differentiation protocols [25,26,34] and efficient cell-sorting methods [34], have strongly validated 

the reliability of iPSC models in the context of complex diseases such as PD. Within the field of 

neuroscience, the opportunity and challenge to combine patient-derived disease-specific stem cells with 

drug screening technologies with the aim of finding new therapies is now a possibility. In addition, the 

combination of establishing optimal neuronal differentiation protocols of iPSC using genetic reporters, 

together with software analysis algorithms, allows for the possibility of automatically tracking each cell 

over time and to assess any feature of interest, thus providing this system with a powerful tool in drug 

discovery in the near future. 

Moreover, by studying symptomatic and asymptomatic mutation carriers, iPSC technology could also 

provide a unique opportunity for identifying putative gene-linked PD biomarkers in pre-symptomatic 

individuals, opening a new novel window for the early diagnosis and individualized treatment in the 

preclinical phase of the disease. 
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8.2. Aberrant epigenome in iPSC-derived dopaminergic neurons from Parkinson's 
disease patients (Research article). 
 
 
Fernández-Santiago, R., Carballo-Carbajal, I., Castellano, G., Torrent, R., Richaud, Y., 

Sánchez-Danès, A., Vilarrassa-Blasi, R., Sánchez-Pla, A., Mosquera, J.L., Soriano, J., López-

Barneo, J., Canals J.M., Alberch, J., Raya, A., Vila, M., Consiglio, A., Martín-Subero, J.I., 

Ezquerra, M., Tolosa, E., Aberrant epigenom in iPSC-derived dopaminergic neurons from 

Parkinson's disease patients, EMBO Mol Med, 2015 7: 1529-46. 

 
Our group has collaborated with Eduardo Tolosa group in a study regarding the epigenetic 
background analysis of DA neurons derived from iPSC from PD patients (both LRRK2-PD and 
ID-PD), in comparison with healthy CTL lines, aiming to identify pathological mechanisms that 
could cause neuronal death in PD brain patients [250]. 
The results of this study demonstrated extensive DNA methylation changes in iPSC-derived DA 
neurons of PD patients. Specifically, in comparison with CTLs, DA neurons derived from PD 
were epigenetically disregulated, as shown by 75% of all differentially methylated CpG sites 
(DMCpGs) remaining unchanged during differentiation of iPSC DA neurons derived from PD 
patients, whereas only 40% of DMCpGs were found unchanged in the CTL lines. These data 
suggests an incomplete epigenomic remodelling in PD. Moreover, non of these epigenetic 
differences were found between keratinocytes nor iPSC between PD and CTL lines, suggesting 
that this molecular defect remains latent in keratinocytes from PD patients, and only become 
exposed when their fate is DA neurons. 
Subsequently, the transcriptome of DA neurons derived from iPSC was analyzed and found that 
some of the genes associated with DMCpGs were involved in neural functions and also in 
regulating transcriptional activity. Among different genes affected, a decreased expression of 
FOXA1, NR3C1, and HNF4 was found. Interestingly, theses genes are involved in the 
development and maintenance of DA neuronal fate in adults mammals [414]. This study 
describes an imbalance in the regulation of transcipcional activity of these genes, which could 
justify the diseased phenotype described by Sánchez-Danès [102]. 
 
Specifically, I have participated in: 

1. Providing fresh pellets of iPSC-derived DA neuronal differentiation, performed as 
previously described [363], from the following individuals: 4 CTL (SP15 #2, SP11 #1, 
SP09 #4, SP17 #2); 4 LRRK2-PD (SP13 #4, SP12 #3, SP06 #2, SP05 #1); and 6 ID-
PD (SP02 #1, SP16 #2, SP10#1, SP04 #2, SP08 #1, SP01 #1).  

2. Characterization of iPSC-derived DA neuronal differentiations (see Figure 1). 
3. Identification of protein expression deregulation in PD iPSC-derived DA neurons. Here 

we performed immunoblots of DAn differentiations for the transcription factors PAX6, 
and OTX2. As well, we performed immunostaining in order to assess collocalitzation of 
TH neurons for OTX2, PAX6 and the transmembrane protein DCC (see Supplementary 
Figure EV3). 
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Abstract

The epigenomic landscape of Parkinson’s disease (PD) remains
unknown. We performed a genomewide DNA methylation and
a transcriptome studies in induced pluripotent stem cell
(iPSC)-derived dopaminergic neurons (DAn) generated by cell
reprogramming of somatic skin cells from patients with monogenic
LRRK2-associated PD (L2PD) or sporadic PD (sPD), and healthy
subjects. We observed extensive DNA methylation changes in PD
DAn, and of RNA expression, which were common in L2PD and sPD.
No significant methylation differences were present in parental skin
cells, undifferentiated iPSCs nor iPSC-derived neural cultures not-
enriched-in-DAn. These findings suggest the presence of molecular
defects in PD somatic cells which manifest only upon differentiation
into the DAn cells targeted in PD. The methylation profile from PD
DAn, but not from controls, resembled that of neural cultures not-
enriched-in-DAn indicating a failure to fully acquire the epigenetic
identity own to healthy DAn in PD. The PD-associated hypermethy-
lation was prominent in gene regulatory regions such as enhancers

and was related to the RNA and/or protein downregulation of a
network of transcription factors relevant to PD (FOXA1, NR3C1,
HNF4A, and FOSL2). Using a patient-specific iPSC-based DAn model,
our study provides the first evidence that epigenetic deregulation
is associated with monogenic and sporadic PD.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder associated

with the progressive loss of dopaminergic neurons (DAn) in the
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substantia nigra pars compacta (SNpc) (Lang & Lozano, 1998a,b).

Yet PD is recognized as a systemic disease affecting other tissues

apart from the nervous system (Hoepken et al, 2008; Beach et al,

2010; Shannon et al, 2012). Although most cases are sporadic,

around 5–10% encompass monogenic forms caused by pathogenic

mutations in PD-associated genes (Farrer, 2006). Among these,

missense mutations in the leucine-rich repeat kinase 2 (LRRK2) gene

are the most frequent cause of familial PD (Paisan-Ruiz et al, 2004;

Zimprich et al, 2004) and also of the common sporadic form. The

LRRK2 G2019S mutation alone explains up to 6% familial and 3%

sporadic PD cases in Europeans (Di Fonzo et al, 2005; Gilks et al,

2005) and up to 20% of total cases among Ashkenazy Jews (Ozelius

et al, 2006) or 40% in North African Berbers (Lesage et al, 2006). In

addition, LRRK2-associated PD (L2PD) is clinical and neuropatho-

logically similar to sporadic PD (sPD) lacking LRRK2 mutations

(Healy et al, 2008), thus representing a valuable system to investi-

gate the most common form of disease. Moreover, the reduced

penetrance of G2019S in L2PD suggests the involvement, akin to

sPD, of yet unknown disease-modifying factors (Healy et al, 2008).

Genetic and epigenetic alterations contribute to the physiopathol-

ogy of diseases (Bergman & Cedar, 2013). In PD, beyond largely

studied genetic defects, the epigenomic landscape of disease

remains unknown (Urdinguio et al, 2009; van Heesbeen et al,

2013). Epigenetic modifications are inheritable changes of gene

expression without alterations in the DNA sequence which can

virtually capture the influence of environmental factors (Feil &

Fraga, 2011). Thus, epigenetic alterations can reflect the relationship

among factors which have been postulated to play a role in complex

neurodegenerative disorders such as the individual genetic back-

ground, the environment, and the aging process. To date, epigenetic

studies in central nervous system disorders have been hampered by

the inaccessibility to disease targeted cells from patients, and espe-

cially of DAn from the SNpc in PD. The few published reports in PD

were performed in blood cells using single gene candidate

approaches (Kontopoulos et al, 2006; Pieper et al, 2008; de Boni

et al, 2011; Jin et al, 2014) or human postmortem cortex and cere-

bellum representing end-points of disease (Desplats et al, 2011;

IPDGC, 2011; Masliah et al, 2013). Results from these studies have

been sometimes conflicting and did not yield robust associations. In

addition, previous studies on iPSC-derived DAn did not explore in

the role of the epigenome in PD (Byers et al, 2011; Nguyen et al,

2011; Seibler et al, 2011; Cooper et al, 2012; Jiang et al, 2012;

Sanchez-Danes et al, 2012b; Rakovic et al, 2013; Reinhardt et al,

2013; Ryan et al, 2013; Schondorf et al, 2014).

In the present study, we investigated the epigenome of PD by

performing a genomewide DNA methylation study of CpG dinu-

cleotides and a transcriptome study using an in vitro PD model of

patient-specific disease-relevant cells (DAn). This cell system

consisted in induced pluripotent stem cell (iPSC)-derived DAn

generated upon cell reprogramming of parental skin cells from L2PD

patients carrying the G2019S mutation (n = 4), sPD patients without

LRRK2 mutations (n = 6), and gender- and age-matched healthy

subjects (n = 4) (Sanchez-Danes et al, 2012a,b). Studied cell lines

were similar in PD and controls as regards their properties and their

maturation state and included 30-day morphologically and function-

ally mature ventromedial (vm)-DAn which were mostly of the A9

subtype (Sanchez-Danes et al, 2012b). The goal of our study was to

explore for the first time the epigenomic landscape of PD using

iPSC-derived DAn, and to compare the methylome of the common

sPD form with the uniquely resembling L2PD monogenic form.

Results

Studied cell lines from PD patients and healthy controls were

generated and characterized in parallel blind to researcher in a

previous study (Sanchez-Danes et al, 2012b) using a 30-days

differentiation protocol (Sanchez-Danes et al, 2012a) (Table 1, Fig 1

and Materials and Methods). Resulting iPSC-derived DAn had simi-

lar morphological and functional properties as well as similar full

DAn maturation state in PD and controls (Fig 1) (Sanchez-Danes

et al, 2012b). Yet consistently with the late onset of disease, the

DAn cells from PD patients developed specific neurodegenerative

phenotypes upon long-term culture (75-days) including impaired

axonal outgrowth, deficient autophagic vacuole clearance, and

accumulation of a-synuclein (SNCA) (Sanchez-Danes et al, 2012b;

Orenstein et al, 2013).

Epigenetic changes are associated with monogenic and
sporadic PD

We performed a comprehensive genomewide DNA methylation

analysis of 30-days iPSC-derived DAn using the Illumina 450k methy-

lation platform (Bibikova et al, 2011). Unsupervised hierarchical

clustering of CpGs methylation values showed different DNA methy-

lation profiles between both forms of PD (L2PD and sPD) and

controls indicating robust differences between PD and controls

(Figs 2A and EV1A). We further detected 1,261 differentially methy-

lated CpG sites (DMCpGs) in L2PD and 2,512 in sPD with respect to

controls under an absolute mean methylation difference above 0.25

(Bibikova et al, 2011) and an adjusted P below 0.05 (Figs 2B and

EV1B, and Table EV1). Most DMCpGs in L2PD were common to sPD

(78%) and no significant methylation differences were found when

comparing L2PD and sPD using the same criteria mentioned above,

indicating that L2PD and sPD share similar methylation profiles.

Accordingly, both groups were merged for further analysis. In all PD

subjects, we identified 2,087 DMCpGs as compared to controls

including hypermethylation in 1,046 regions and hypomethylation in

1,041. DMCpGs mostly affected gene bodies and promoters but were

also enriched at intergenic regions. Hypermethylated DMCpGs were

more often located outside CpG islands, shores, or shelves (73% vs.

31% in background, P < 0.4 × 10!14) (Fig 2C). Notably, genes asso-

ciated with DMCpGs were largely involved in neural functions and

transcription factor (TF) activity (Table EV2). These data indicate

that DAn from PD patients show epigenetic abnormalities. They also

indicate that monogenic L2PD and the sporadic form of PD share

similar DNA methylation changes.

Epigenetic changes manifest only in DAn from PD patients

We further investigated whether those DNA methylation changes

observed in DAn were already present in fibroblasts or in undif-

ferentiated iPSCs from the same subjects by analyzing a subset of

representative individuals (two L2PD, two sPD, and three controls).

Isogenic fibroblasts and iPSCs from these subjects showed no

methylation differences between PD and controls neither for the
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2,087 DMCpGs detected in iPSC-derived DAn (Fig 2D) nor for any

other given CpG (Fig EV1C) under an absolute mean methylation

difference above 0.25 (Bibikova et al, 2011) and an adjusted P

below 0.05. Yet fibroblasts, undifferentiated iPSCs and iPSC-derived

DAn showed distinct DNA methylomes as expected for each specific

cell type (Doi et al, 2009; Hochedlinger & Plath, 2009) (Fig EV1D).

Interestingly, a total of 75% of all the 2,087 DMCpGs did not change

in the differentiation from iPSCs to DAn in PD patients, whereas

only 40% DMCpGs remained unchanged in controls, suggesting an

incomplete epigenomic remodeling in PD in spite of the successful

reprogramming and differentiation into mature DAn (Sanchez-

Danes et al, 2012b) (Table EV3 and Fig EV2). These findings

suggest that latent molecular defects in skin cells from PD patients

become uncovered upon differentiation into DAn. This is compliant

with the idea of PD as a systemic disease affecting other tissues

apart from the nervous system (Hoepken et al, 2008; Beach et al,

2010; Shannon et al, 2012) including molecular defects which were

previously reported in fibroblasts from L2PD or sPD patients

(Papkovskaia et al, 2012; Ambrosi et al, 2014; Yakhine-Diop et al,

2014). In addition, to address the extent of the methylation changes

attributed to DAn alone in the context of cell heterogeneity inherent

to iPSC-derived DAn systems, we differentiated iPSCs from the same

subjects into neural cultures not-enriched-in-DAn by omitting the

lentiviral-mediated forced expression of the ventral midbrain deter-

minant LMX1A and the supplementation with DAn patterning

factors. This protocol results in a > 4-fold depletion in the number

of DAn (See Materials and Methods and (Sanchez-Danes et al,

2012a)). In neural cultures not-enriched-in-DAn, we did not find

methylation differences between PD and controls under an absolute

mean methylation difference above 0.25 (Bibikova et al, 2011) and

an adjusted P below 0.05 (Fig EV1C). Moreover, the methylation

profile from PD DAn was closer to that from neural cultures not-

enriched-in-DAn as compared to control DAn (Fig 2D). For any

given comparison and using the same restrictive cutoffs mentioned

above, we found that the overall methylation variability referred to

all samples was attributable, in decreasing order, to (i) the different

cell types as expected, (ii) the condition health/disease only in

iPSC-derived DAn, and (iii) inter-individual differences in a relative

lesser extent. Altogether, these results indicate that the identified PD

epigenetic changes are specific for DAn cells and consist in the failure

of PD DAn to fully acquire the mature epigenetic identity own to

healthy DAn.

Gene and protein expression changes occur along with
methylation changes

We next studied the transcriptome of iPSC-derived DAn by using

gene expression microarrays. Compliant to the methylome analysis,

no differentially expressed gene (DEG) was found between L2PD and

sPD, being most of DEGS in L2PD (93%) shared in sPD. As

compared to controls, we identified 437 DEGs in the PD group as a

whole under an adjusted P below 0.05 (Fig 3A and B, and

Table EV4). These findings are in line with two previous studies

reporting expression changes associated with PD in DAn, at least

with L2PD (sPD not studied) (Nguyen et al, 2011; Reinhardt et al,

2013). Upregulated DEGs (n = 254) were largely involved in neural

functions and transcription factor regulatory activity, whereas down-

regulated DEGs (n = 183) affected basic homeostasis (Table EV5).

One upregulated DEG was SNCA (> 2.5-fold), a gene involved in

familial PD and sPD whose encoded protein, a-synuclein, aggregates
in Lewy body inclusions which represent a hallmark of PD (Lang &

Lozano, 1998a,b). Another upregulated DEG was SYT11 (> 5-fold)

which has been top-linked associated to PD across genomewide

association studies (Nalls et al, 2014). We subsequently selected

seven genes involved in neural functions from the top-30 list of

upregulated DEGs (OTX2, PAX6, ZIC1, SYT11, DCT, DCC, and NEFL)

Table 1. Summary of clinical features and iPSC-derived DAn cell line details from PD patients and gender- and age-matched healthy controls.

Cell line
code

Code
previous
studyRef.

Subject
type

LRRK2
mutation

Family
history
of PD Gender

Age at
donation

Age at
onset

Initial
symptomsa

L-DOPA
response

Code of
selected
IPSCs
clones

Cell ratio
TUJ1+/DAPI+

(neurons)b

Cell ratio
TH+/TUJ1+

(DA
neurons)c

C-01 SP-15 Control No No Female 47 – – – 15-2 34.7 45.0

C-02 SP-11 Control No No Female 48 – – – 11-1 40.0 59.9

C-03 SP-09 Control No No Male 66 – – – 9-4 52.2 55.5

C-04 SP-17 Control No No Male 52 – – – 17-2 54.0 65.8

PD-01 SP-13 L2PD G2019S Yes Female 68 57 T Good 13-4 47.0 65.2

PD-02 SP-02 sPD No No Male 55 48 T N/A 2-1 20.6 42.2

PD-03 SP-05 L2PD G2019S Yes Male 66 52 B Good 5-1 39.9 49.6

PD-04 SP-16 sPD No No Female 51 48 B N/A 16-2 32.1 55.2

PD-05 SP-06 L2PD G2019S Yes Male 44 33 T Good 6-2 40.9 61.9

PD-06 SP-10 sPD No No Male 58 50 D Good 10-2 35.0 41.1

PD-07 SP-12 L2PD G2019S Yes Female 63 49 T Good 12-3 42.7 60.0

PD-08 SP-04 sPD No No Male 46 40 B Good 4-2 52.1 47.3

PD-09 SP-01 sPD No No Female 63 58 T and B N/A 1-1 32.2 44.9

PD-10 SP-08 sPD No No Female 66 60 T Good 8-1 41.6 67.1

N/A, not assessed; C, control.
aInitial symptoms; T, tremor; B, bradykinesia; D, foot dystonia.
bRatio of neurons/total cells, estimated by immunofluorescence as the ratio of TUJ1 (neuron-specific class III b-tubulin)-positive cells/DAPI-positive cells.
cRatio of iPSC-derived DAn/total neurons, estimated by immunofluorescence as the ratio of TH (tyrosine hydroxylase)-positive cells/TUJ1-positive cells.
b and c were calculated blind to researcher upon three independent differentiations as previously described (Sanchez-Danes et al, 2012b).
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Figure 1. Generation and characterization of iPSC-derived DAn.

A–G After iPSC-based reprogramming of fibroblasts, we generated DAn from PD patients (n = 10) and gender- and age-matched healthy controls (n = 4) using a 30-day
differentiation protocol. Blind to researcher, resulting iPSC-derived DAn showed similar properties and maturation state in PD and controls. Specifically, studied
iPSC-derived DAn encompassed 30-day ventromedial (vm)-DAn-enriched cultures of morphologically mature DAn showing typical bipolar morphology, lacking PD
neural phenotypes, mostly of the A9 subtype, and showing properties of tyrosine hydroxylase (TH)+ mature neurons. Representative immunocytochemical analyses
of vmDAn from PD patients and controls showed that (A) TUJ1-positive cells expressing neural tubulin III (TUJ1) co-expressed TH (Scale bar, 25 lm); (B) co-
expressed the A9 subtype marker of inward rectifier K+ channel GIRK2 (Scale bar, 25 lm); (C) co-expressed the A9 subtype marker of transcription factor Forkhead
Box A2 (FOXA2) (Scale bar, 12.5 lm); and (F) co-expressed the synaptic vesicle protein synaptophysin (SYP) which was located along neurites (Scale bar, 5 lm).
(D) The 1-week neural progenitor cells (NPCs) from which iPSC-derived DAn were generated strongly expressed DAn progenitor markers such as the nuclear-related
receptor 1 NURR1 (Scale bar, 12.5 lm). (E) We observed similar and comparable cell counts of total neurons in PD and controls as quantified by TUJ-1/DAPI and of
DAn as quantified by TH/TUJ1. Selected DAn cells were generated upon 2-6 iPSC lines per subject (See methods). Error bars indicate SEM. C, control; TUJ1, neuron-
specific class III b-tubulin. (G) Calcium imaging assay revealed strong spontaneous neuronal activity. %DF/F indicates the relative change in fluorescence of the
monitored neurons. Collectively, these results indicate that the iPSC-derived DAn used our study were sufficiently mature for the studied parameters to be
functional and to spontaneously form active neural networks in a similar and comparable manner for PD and controls.
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Figure 2. DNA methylation analysis of iPSC-derived DAn from monogenic LRRK2-associated PD (L2PD) and sporadic PD (sPD) patients across the cell types
involved in the cell reprogramming and differentiation processes.

A Principal component analysis (PCA) of methylation data from 28,363 CpG sites with variable methylation values (SD > 0.1) in iPSC-derived DAn cell lines (n = 14). This
analysis shows different DNA methylation profiles between PD patients and controls, and no differences between L2PD and sPD. PC, principal component.

B Bar diagram showing the number of differentially methylated CpGs (DMCpGs) among iPSC-derived DAn lines (n = 14) as detected in multiple comparisons. This
analysis indicates that L2PD and sPD share similar DNA methylation changes with respect to controls. Hypermeth, hypermethylation; hypometh, hypomethylation.

C Relative distribution of DMCpGs in PD iPSC-derived DAn lines (n = 10) across inter- and intragenic regions (left), across different gene-related regions (middle), and
within CpG islands (CGI), CGI shores, CGI shelves, or outside CGI (right). Bkg, background (methylation platform).

D DNA methylation analysis across the cell types involved in the cell reprogramming and differentiation processes and also iPSC-derived neural cultures not-enriched-
in-DAn. Scheme of the cell reprogramming and differentiation protocols (upper part of the panel). Heatmaps and density color code of the 2,087 DMCpGs identified in
iPSC-derived DAn from PD patients with respect to controls (n = 14), as well as their methylation status in parental fibroblasts (n = 9), undifferentiated iPSCs (n = 9),
and iPSC-derived neurons (not-DAn) (n = 9) (lower part of the panel) (Wilcoxon rank test for independent samples with delta-beta above |0.25| and FDR-adjusted
P < 0.05).
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Figure 3. Genomewide gene expression analysis of iPSC-derived DAn from PD patients and controls.

A Heatmap showing the 437 differentially expressed genes (DEGs) detected in PD patients with either L2PD (L2) or sPD (s) as compared to controls (C) (n = 14), and
density color code for gene expression levels. This analysis indicates that L2PD and sPD share similar gene expression changes with respect to controls. A total of 254
DEGs were upregulated in PD whereas 183 showed significant downregulation (Linear model with empirical bayes moderation of the variance similar to ANOVA with
FDR-adjusted P < 0.05).

B Venn diagram representing the number of DEGs in iPSC-derived DAn from PD patients with respect to healthy subjects (n = 14) showing that most DMCpGs in L2PD
were common to sPD.

C Technical validation of 10 top DEGs in PD iPSC-derived DAn as compared to controls (n = 14) identified by genomewide gene expression study (upper heat-map) and
validated by real-time qPCR (lower heat-map). Relative gene expression and statistical significances were calculated using the DDCt method and GAPDH, ACTB, and
PPIA as endogenous controls. Pearson correlation analysis between microarray and real-time qPCR data showed a high degree of correlation (r2 = 0.99,
P = 7.7 × 10!7) (bottom graph). L2, LRRK2-associated PD; s, sporadic PD.
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and SNCA to validate the array data by real-time qPCR (Fig 3C) and

to study their protein expression levels by immunoblot. We detected

a > 2-fold protein upregulation of all genes except NEFL (Fig EV3A).

Moreover, protein expression of some DEGs co-localized at the

single-cell level with the DAn marker tyrosine hydroxylase

(Fig EV3C). These findings point toward the presence of gene and

also protein expression changes in DAn from PD patients which

occur simultaneously along with DNA methylation changes.

PD DNA mehtylation changes are associated with
gene expression

We then analyzed the relationship between gene expression and

DNA methylation levels in iPSC-derived DAn from PD patients. We

found a significant correlation in 17% of the 2,087 DMCpGs

(n = 353) involving 239 different genes (Fig 4A and B). The percent-

age of correlation between methylation and expression was similar

to that reported in other studies (Kulis et al, 2012). Of the 353

unique correlating DMCpGs, a total of 73% showed an inverse asso-

ciation of DNA methylation and expression, whereas the remaining

27% DMCpGs were positively associated (Table EV6). DMCpGs

showing inverse association were situated in introns and 50 untrans-

lated regions, whereas those with positive association were enriched

in introns (Fig 4C). Globally, DMCpGs showing association with

gene expression were more frequently located in introns (49%) than

in 50 regions (24%). These findings suggest that, as reported in cell

differentiation and cancer (Jones, 2012; Kulis et al, 2012, 2013), PD

gene-body DNA methylation changes play a role in regulating gene

expression, both inversely and positively.

Differential DNA methylation in PD is enriched in
enhancer elements

We further studied the potential molecular mechanisms underlying

the association between DNA methylation and gene expression. We

analyzed our data in the context of recently available functional

chromatin states (Ernst et al, 2011). Hypermethylated DMCpGs

were highly enriched in enhancer elements (35% vs. 12% in the

background, P = 0.3 × 10!14), while hypomethylated DMCpGs were

enriched in Polycomb-repressed regions (31% vs. 12% in the

background, P = 0.2 × 10!14) (Fig 4D). When considering only the

DMCpGs correlating with gene expression, DMCpGs with inverse

correlation were located in promoters and enhancers, whereas

DMCpGs with positive correlation were associated with repressed

regions (Fig 4E). These results suggest that PD-associated DNA

methylation changes target functionally active sequences.

PD enhancer hypermethylation is associated with the
downregulation of a TFs network

We next inquired whether the DMCpGs identified in PD patients

were enriched for transcription factor (TF)-binding sites (TFBSs). To

this end, we overlapped our data with TFBS clusters generated by

ChIP-seq in the Encyclopedia of DNA Elements project (Dunham

et al, 2012; Gerstein et al, 2012; Lee et al, 2012). We found enrich-

ment for binding sites of 23 TFs in PD-hypermethylated DMCpGs

and of only two TFs in PD-hypomethylated DMCpGs (Fig 5A and

Table EV7). Since the PD-associated hypermethylation affected most

prominently to enhancer elements (35%) (Fig 4D), we focused on

this chromatin state and observed that 65% of all PD hypermethy-

lated enhancers became demethylated from iPSCs to DAn in

controls, whereas only 8% significantly lost methylation in PD

patients which overall retained higher methylation levels

(Table EV3 and Fig 2D). Furthermore, among the 23 TFs showing

TFBS enrichment, we found reduced gene expression of four TFs,

namely FOXA1, NR3C1, HNF4A, and FOSL2, whose downregulation

was also significantly associated with increased methylation levels

at enhancer DMCpGs in PD (Fig 5B–D). Moreover, variable expres-

sion of these TFs together with the expression of other TFs was

coordinated in PD DAn (Fig 6), suggesting that the expression level

of a TF network, rather than that of individual TFs, was associated

with the hypermethylation of enhancers in PD. In addition, HNF4A

and FOSL2 showed a significant downregulation of protein levels as

detected by immunoblot, whereas NR3C1 showed a downregulation

trend which did not reach significance (Figs 7A and EV3B, and

Source data for Fig 7). These data complement recent work linking

TF binding to enhancers and tissue-specific hypomethylation

(Stadler et al, 2011; Hon et al, 2013; Xie et al, 2013; Ziller et al,

2013), and also downregulation of TF networks to enhancer

hypermethylation (Agirre et al, 2015). Our findings suggest that the

incomplete epigenetic remodeling observed for the 2,087 DMCpGs

identified in iPSC-derived DAn from PD patients might be mediated

by the aberrant downregulation of a network of key TFs whose

deficiency could prevent their target sites to become demethylated

during the differentiation from iPSCs to DAn.

Discussion

We report the first genomewide DNA methylation study of iPSC-

derived DAn in PD. We found that DAn from PD patients are epige-

netically altered with respect to healthy controls and that DAn from

monogenic L2PD and sPD share similar DNA methylation abnormal-

ities. These methylation changes cannot be explained by technical

biases since all iPSC-derived DAn lines were equally generated

and characterized in parallel, blind to the researcher, and differenti-

ated DAn had similar morphological and functional properties

(Sanchez-Danes et al, 2012b). We also found that the PD-associated

methylation changes were not present in parental skin cells or

undifferentiated iPSCs and become uncovered only upon differentia-

tion into the DAn cells targeted in PD. In addition, the methylation

profile of DAn from PD patients, with either monogenic or sporadic

PD, resembled that of neural cultures not-enriched-in-DAn indicat-

ing a failure to fully acquire the epigenetic identity own to healthy

DAn in PD. We also detected that gene and protein expression

changes occur simultaneously along with methylation alterations in

PD and that these alterations are similar in monogenic L2PD and

sPD. Finally, we found that the DNA methylation changes present in

PD DAn are partially associated with gene expression, target gene

regulatory sequences such as enhancers, and correlate with the

RNA and protein downregulation of a network of TFs.

The lack of DNA methylation differences between DAn from

patients with L2PD and sPD provides the proof-of-concept of

common or at least converging epigenomic changes in these disease

forms (Zhu et al, 2011). However, one limitation of our work is that

we studied only one monogenic form of PD (L2PD) and therefore
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Figure 4. Correlation between DNA methylation values of differentially methylated CpGs (DMCpGs) and expression levels of the associated genes in PD
iPSC-derived DAn.

A Graphical representation of the percentage of DMCpGs associated with gene expression.
B Examples of genes showing significant correlation including a brief functional description: OTX2, transcription factor for midbrain DAn development which blocks

LMX1A; DCT, dopachrome tautomerase, induced by OTX2, is a detoxifying enzyme of DA metabolites involved in the synthesis of neuromelanin; DRD4, DA receptor type
4; CASP8, apoptosis extrinsic pathway member inducing CASP3; ERC2, cytoskeleton organizer at nerve terminals for neurotransmission; NELL2, neural epidermal
growth factor-like 2 involved in neural differentiation.

C Counts of DMCpGs associated with gene expression across gene-related regions.
D Relative distribution of DMCpGs across chromatin states. Poised P, poised promoter; Txn, transcription; Heterochr, heterochromatin.
E Counts of DMCpGs associated with gene expression across chromatin states.

Data information: In (A) and (B), n = 14 cell lines, Spearman correlation analysis with FDR-adjusted P < 0.05.

EMBO Molecular Medicine Vol 7 | No 12 | 2015 ª 2015 The Authors

EMBO Molecular Medicine Aberrant epigenome in Parkinson’s disease Rubén Fernández-Santiago et al

1536

Published online: October 29, 2015 



	 141	

  

D • • •Control sPDL2PD

8

9

10

11

0.3 0.5 0.7

TF
 lo

g 2
ex

pr
es

si
on

 le
ve

ls

Enhancer methylation levels

r = -0.90
FDR P = 3.0x10-4

FOXA1

8

9

10

0.3 0.5 0.7

TF
 lo

g 2
ex

pr
es

si
on

 le
ve

ls

Enhancer methylation levels

r = -0.83
FDR P = 3.4x10-3

NR3C1

7

8

9

10

0.3 0.5 0.7
TF

 lo
g 2

ex
pr

es
si

on
 le

ve
ls

Enhancer methylation levels

r = -0.76
FDR P = 1.5x10-2

HNF4A

9

10

11

0.3 0.5 0.7

TF
 lo

g 2
 ex

pr
es

si
on

 le
ve

ls

Enhancer methylation levels

r = -0.71
FDR P = 2.3x10-2

FOSL2

B

C
or

re
la

tio
n

co
ef

.
of

 T
F 

ex
pr

es
si

on
an

d
en

ha
nc

er
m

et
hy

la
tio

n 1

0

-1

FO
XA

1
N

R
3C

1

H
N

F4
A

FO
SL

2

FO
XA

2

M
EF

2A
M

EF
2C

BC
L1

1A
N

FI
C

C
EB

PB

R
XR

A
TE

AD
4

G
AT

A3
BA

TF

JU
N R

AD
21

ES
R

1

FO
SL

1
AT

F3
TC

F1
2

EP
30

0

PB
X3 JU

N
D

FDR P < 0.05
Not significant

*DEG

* *

* *

A

TFBSs log2 FC enrichment
> -2                 0                < 2

PD 
hypermeth. 

PD  
hypometh.

FO
SL

1
ES

R
1

R
XR

A
N

R
3C

1
JU

N
G

AT
A3

M
EF

2A
FO

SL
2

PB
X3

BA
TF

FO
XA

2
C

EB
PB

BC
L1

1A
EP

30
0

TE
AD

4
M

EF
2C

JU
N

D
AT

F3
FO

XA
1

R
AD

21
H

N
F4

A
N

FI
C

TC
F1

2
O

C
T4

N
AN

O
G

* FDR P < 0.05

** ** * * * * * * * * * * * * * * * * * **

C
0.7

0.5

0.3

En
ha

nc
er

D
N

A 
m

et
hy

la
tio

n

0.3                                   0.8 

Enhancer DNA methylation

FOXA1

NR3C1

HNF4A

FOSL2

High Low

TF log2 expression

Control PD

Figure 5. Association between gene expression levels of transcription factors (TFs) and DNA methylation levels at PD-hypermethylated enhancers from PD
iPSC-derived DAn.

A Relative enrichment of TF-binding sites (TFBSs) overlapping with the 2,087 DMCpGs detected in PD iPSC-derived DAn (n = 10). This analysis shows an enrichment of
binding sites for 23 TFs in regions hypermethylated in PD.

B Bar plot showing the results of the Spearman correlation analysis between levels of TF gene expression and of average DNA methylation at the 376 enhancer sites
hypermethylated in PD iPSC-derived DAn (n = 10). Coef, coefficient.

C Graphical representation of average methylation at PD-associated enhancers and gene expression of the key TFs FOXA1, NR3C1, HNF4A, and FOSL2 in iPSC-derived
DAn (n = 14).

D Scatter plots of key TF gene expression and DNA methylation levels at enhancers in iPSC-derived DAn (n = 14).

Data information: Fisher’s exact test with a FDR-adjusted P < 0.05 in (A), and Spearman correlation analysis with FDR P < 0.05 in (B) and (D).
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the epigenetic involvement in other PD familial forms remains to be

explored. Our findings are compliant with the observation that

L2PD is clinical and neuropathologically similar to sPD lacking

LRRK2 mutations (Healy et al, 2008). Yet the interpretation of our

results requires further considerations. First, the epigenome is

expected to reflect the influence from the environment and thus one

possibility is that unknown environmental factors could trigger

epigenomic changes in PD patients. This environmental contribu-

tion would be expectable for sPD (Feil & Fraga, 2011), but the age-

dependent reduced penetrance of the LRRK2 G2019S mutation

together with its identification not only in monogenic but also in

sPD cases (Healy et al, 2008) could also support an environmental

involvement in L2PD (Farrer, 2006; Urdinguio et al, 2009). Second,

an alternative possibility is that the genetic background from PD

patients could drive DNA methylation changes not only in mono-

genic L2PD as expectable but also in sPD. In this regard, it has been

described that sPD could be caused by an accumulation of common

polygenic alleles with relatively low effect sizes (Escott-Price et al,

2015). Thus, a possible integrative interpretation of our findings is

that cumulative genetic risk factors such as single nucleotide poly-

morphisms (SNPs) or copy number variants (CNVs) in sPD, or

LRRK2 mutations in L2PD, alone or in combination with still

unknown environmental factors could be underlying the common

epigenetic changes detected in both disease forms. These environ-

mental and/or genetic factors arising from different but converging

pathways could ultimately cause common end-point alterations in

L2PD and sPD.

The PD epigenetic changes were present only in iPSC-derived

DAn but not in undifferentiated iPSC, in fibroblasts, nor in

iPSC-derived neural cultures not-enriched-in-DAn. These results

indicate that the PD-associated DNA methylation changes are speci-

fic of DAn but not of other types since neural cultures not-enriched-

in-DAn did not reveal methylation differences. They also suggest

that molecular defects, of an environmental and/or genetic origin as

discussed above, should be carried from the PD patient, latent in

fibroblasts, and manifested only upon differentiation into DAn. Here

it should be mentioned that although in PD when and where the

degenerative process starts is unclear, and the related underlying
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Figure 6. Correlation matrix of gene expression levels among TFs showing TF-binding sites (TFBS) enrichment at PD-hypermethylated enhancers.
Pearson correlation coefficients and correlation P-values were calculated evaluating TF gene expression levels in iPSC-derived DAn from PD patients and controls (n = 14)
under a 2-tailed Student’s t-test. Among TFs showing coordinated expression, maximal correlation was observed for FOXA1, FOXA2, NR3C1, HNF4A, and FOSL2.
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biological changes remain unknown, several works have reported

molecular defects in fibroblasts from L2PD and also from other PD

monogenic forms (Hoepken et al, 2008; Rakovic et al, 2013;

Ambrosi et al, 2014; Yakhine-Diop et al, 2014). In this context, our

findings are compatible with the emerging notion of PD as a

systemic disease affecting other tissues apart from the nervous

system (Beach et al, 2010; Shannon et al, 2012).

The methylation profile from PD DAn resembled that of neural

cultures not-enriched-in-DAn indicating a failure in PD to fully

acquire the epigenetic identity own to healthy DAn. The methy-

lation changes identified in PD occurred in spite of the appar-

ently normal dopaminergic phenotypes observed in our early

30-days DAn cultures which consisted in functionally and morpho-

logically mature DAn which were similar in PD and controls
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Figure 7. Gene and protein expression of PD downregulated key TFs and proposed theoretic model.

A, B Graphical representation of gene and protein expression of the key TFs FOXA1, NR3C1, HNF4A, and FOSL2 (A) (see also Fig EV3B and Source data for Fig 7), or of the
PD upregulated genes (B) (see also Fig EV3A and Source data for Fig 7) identified in iPSC-derived DAn from PD patients, normalized to the expression of controls,
and expressed, respectively, as log2 or lineal fold change (FC) values. (For gene expression, linear model with empirical bayes moderation of the variance similar to
ANOVA with FDR-adjusted P < 0.05; for protein expression, two-tailed Student’s t-test (**P < 0.01, *P < 0.05). Samples were studied at least in three independent
experiments. Data are represented as group mean ! SEM).

C Proposed model in which deficits of the key TFs FOXA1, NR3C1, HNF4A, and FOSL2 relevant to PD lead to DNA methylation changes. Key 1 denotes differentially
methylated gene, key 2 denotes DEG, key 3 denotes significant correlation of DNA methylation with proximal gene expression, key 4 denotes significant correlation
of key TF gene expression with distal DNA methylation at enhancers, and key 5 denotes differentially expressed protein. Blue-shaded boxes indicate gene expression
downregulation, whereas red-shaded boxes indicate upregulation. Illustration of our model was built by selecting most prominent alterations detected by unbiased
genomewide approaches in our study.

Source data are available online for this figure.
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(Sanchez-Danes et al, 2012b). This is in agreement with previous

studies describing normal dopaminergic phenotypes in PD iPSC-

derived DAn (Byers et al, 2011; Nguyen et al, 2011; Cooper et al,

2012; Rakovic et al, 2013; Reinhardt et al, 2013) with the excep-

tion of one Parkin study reporting altered dopamine release and

uptake (Jiang et al, 2012). However, we found that the epigenetic

changes detected in our early 30-days DAn cultures antedated late

(75-days), spontaneous (not-drug induced), PD-associated pheno-

types which were previously described in our model and included

impaired axonal outgrowth, deficient autophagic vacuole

clearance, and accumulation of a-synuclein (Sanchez-Danes et al,

2012b; Orenstein et al, 2013). Consistent with our methylation

findings, these PD phenotypes were also common in DAn from

L2PD and sPD patients (Sanchez-Danes et al, 2012b). Yet although

the early DNA methylation changes reported here antedated these

long-term PD phenotypes potential causality needs to be explored

in future works.

As reported in cell differentiation and cancer (Jones, 2012; Kulis

et al, 2012, 2013), we found that the identified epigenetic changes

correlate partially with expression, indicating that PD gene-body

DNA methylation changes play a role in the regulation of gene

expression. We also found that the PD DNA hypermethylation

changes are prominent at enhancer regulatory regions. In line with

other studies (Agirre et al, 2015), we also found that in PD, the

hypermethylation of enhancers appears to be related to the

downregulation of a network of key TFs, rather than of individual

TFs. These data complement recent work linking TF binding to

enhancers and tissue-specific hypomethylation (Stadler et al, 2011;

Hon et al, 2013; Xie et al, 2013; Ziller et al, 2013) and suggest a

theoretic model in which the incomplete epigenetic remodeling in

PD DAn might be related to the downregulation of a network of

key TFs whose deficiency could prevent their binding sites to

become demethylated during the differentiation from iPSCs to

DAn. Key TFs from this network have been previously associated

with the specification of the substantia nigra (FOXA1, NR3C1, and

HNF4) and of fetal brain (FOSL2) (Ziller et al, 2013). Of these,

FOXA1 is involved in maintaining the dopaminergic phenotype in

adult mesodienchepalic DAn (Stott et al, 2013; Domanskyi et al,

2014), whereas the glucocorticoid receptor NR3C1 regulates DAn

neurodegeneration in PD (Ros-Bernal et al, 2011). Downregulation

of HNF4A has been reported in blood from PD patients as a PD

biomarker correlating with motor symptoms severity (Potashkin

et al, 2012; Santiago & Potashkin, 2015), whereas FOSL2 has been

linked to dyskinesia, a major side effect in the DA substitutive

treatment with L-DOPA (Cao et al, 2010). Since these TFs seem to

be relevant to the development and maintenance of midbrain DAn

in PD (Lahti et al, 2011, 2012), their deficiency might be related to

impairments in the maintenance of a differentiated DAn epigenetic

cellular identity in PD (Holmberg & Perlmann, 2012). In this theo-

retic model, the upregulation of gene and protein expression of other

TFs (OTX2, PAX6, or ZIC1) and genes (SNCA, DCC, or DCT)

(Figs 7B and EV3A, and Source data for Fig 7) might transiently

circumvent deficits of the network of key TFs, at least in early

culture stages.

One hypothesis proposes the neurodevelopmental origin of

neurodegenerative diseases in the sense that molecular mechanisms

occurring during development are abnormally recapitulated in

neurodegenerative disease processes (Goedert et al, 1993; Schafer &

Stevens, 2010). For example, a recent study showed that neural

degeneration in Alzheimer’s disease involves the abnormal

re-activation of cellular self-destruction mechanisms which take

place during neural development (Nikolaev et al, 2009). Since we

found that the epigenetic pattern from PD iPSC-derived DAn showed

certain similarities to neural cultures not-enriched-in-DAn, our data

could be interpreted in light of this theory pointing towards the pres-

ence of possible developmental epigenetic defects associated with

PD. In addition, developmental deficits of TFs which are key in the

differentiation of DAn have been recently linked to PD (Laguna

et al, 2015).

We showed that iPSC-derived DAn from PD patients exhibit

epigenomic and transcriptomic alterations, and therefore, our find-

ings may have implications for future cell replacement therapies.

The use of pluripotent stem cells has proved as a valuable in vitro

system to investigate disease, as well as a promising tool for brain

transplantation and dopaminergic restoration in PD. Yet the

generation of DAn for cell replacement is still matter of research

(Lindvall & Bjorklund, 2011). Recently, the autologous transplan-

tation of iPSC-derived neurons into the striatum of healthy

monkeys has been suggested to be advantageous as compared to

allogenic grafts, at least in terms of reduced immunogenicity

(Morizane et al, 2013). Our study suggests that future cell thera-

peutic strategies should pay attention to the correct epigenomic

status of the reprogrammed dopaminergic cells, especially when

using patient own cells. In summary, using a patient-specific

iPSC-based DAn system, our study provides the first evidence that

epigenetic deregulation is associated with both monogenic and

sporadic PD.

Materials and Methods

PD patients and generation of iPSC-derived DAn

We used mature iPSC-derived DAn lines of 30-days of differentia-

tion generated and characterized in parallel blind to researcher

previously (Sanchez-Danes et al, 2012b) using a published proto-

col (Sanchez-Danes et al, 2012a). Expanded subject information,

cell characterization, and technical details are extensively

described in these precedent studies where they should be

consulted. Of these, a summary presented in Table 1, Fig 1, and

here as it follows. Arm surface skin biopsies of 3 mm of diameter

were obtained from LRRK2 PD patients carrying the G2019S

mutation (L2PD, n = 4); sporadic PD patients lacking family

history of PD and mutations in known PD genes (sPD, n = 6);

and gender- and age-matched healthy individuals without neuro-

logical disease history (controls, n = 4). Primary cultures of

keratinocytes or fibroblasts were reprogrammed using retroviral

delivery of OCT4, KLF4, and SOX2 to generate 2–6 iPSC lines per

individual (n = 50 lines). Of these, we selected the two more

homogenous lines per subject which were thoroughly character-

ized and shown to be fully reprogrammed to pluripotency. For

the directed differentiation of iPSC to ventral midbrain dopamin-

ergic neurons (vmDAn), we used a 30-days protocol based on the

lentiviral-mediated forced expression of the vmDAn determinant

LMX1A together with DAn patterning factors and co-culture with

mouse PA6 feeding cells to provide trophic factor support. DAn

EMBO Molecular Medicine Vol 7 | No 12 | 2015 ª 2015 The Authors

EMBO Molecular Medicine Aberrant epigenome in Parkinson’s disease Rubén Fernández-Santiago et al

1540

Published online: October 29, 2015 



	 145	

  

pellets were obtained by mechanic separation of the PA6 layer

with a finely drawn Pasteur pipette. Differentiated cells were

30-days vmDAn-enriched cultures of morphologically fully mature

DAn lacking PD neural phenotypes (Sanchez-Danes et al, 2012b),

mostly of the A9 subtype which showed properties of TH+ mature

neurons: (i) electrophysiological analysis showed action poten-

tials, (ii) the majority of DAn presented the typical bipolar

morphology, (iii) co-expressed the A9 subtype marker GIRK2,

and (iv) co-expressed the DA transporter (DAT). Collectively,

studied iPSC-derived DAn were sufficiently mature, in a similar

and comparable manner for both PD and control cultures, to be

functional and to spontaneously form active neural networks.

Calcium fluorescence imaging of iPSC-derived DAn

We used the cell-permeant fluorescence dye Fluo-4-AM (Life Tech-

nologies) in combination with an imaging device to monitor sponta-

neous activity in PD and control cells. This fluorescence probe

becomes active upon binding with calcium, therefore signaling the

occurrence of action potentials in the neurons. Cultures of either PD

or control cells were cultured in 30-mm-diameter petri dishes for

30-days and their activity monitored as follows. Prior to imaging,

the culture dish was first washed with 4 ml PBS at room tempera-

ture to remove the original culture medium. The culture was next

incubated for 30 min in a solution that contained 1 ml of recording

medium (RM, consisting of 128 mM NaCl, 1 mM CaCl2, 1 mM

MgCl2, 45 mM sucrose, 10 mM glucose, and 0.01 M Hepes; treated

to pH 7.4) and 4 lg/ml of Fluo-4. The culture was then washed with

fresh RM to remove residual free Fluo-4, and finally, a volume of

4 ml of RM was left in the dish for actual recordings. The culture

dish was mounted on a Zeiss inverted microscope equipped with a

CMOS camera (Hamamatsu Orca Flash 2.8) and an arc lamp for flu-

orescence. Gray-scale images of neuronal activity were acquired at

intervals of 50 ms, and in a field of view that contained on the order

of 100 cells. Cultures were visualized for 30 min at room tempera-

ture. The acquired data was next analyzed to extract the fluores-

cence traces for each neuron. In order to compare the fluorescence

traces among neurons and cultures, the raw fluorescence signal F(t)

of a given neuron was normalized as F*(t) = %DF/F = 100 * (F

(t) ! F0)/F0, where F0 is the fluorescence signal of the neuron at

rest. Spontaneous neuronal activations were revealed in the fluores-

cence signal as a sharp increase of typically a 10% respect to the

resting state.

Generation of iPSC-derived neural cultures not-enriched-in-DAn

iPSC-derived neural cultures not-enriched-in-DAn were generated

as technical controls from a subset of PD patients (n = 6) and

healthy subjects (n = 3) using the previously described protocol

(Sanchez-Danes et al, 2012a) but omitting the lentiviral expression

of the vmDAn determinant LMX1A and DAn patterning factors.

The lentiviral delivery of LMX1A results in a > 4-fold enrichment

of the total final number of DAn to ~30% as compared to only

~7% without LMX1A (Sanchez-Danes et al, 2012a). Embryoid

body (EB) formation was induced for forced aggregation and main-

tained in suspension in the presence of MEF condition medium for

3 days. EBs were then maintained for 10 days in ultralow attach-

ment plates in N2B27 medium in the presence of FGF2. After that,

EBs were transferred to matrigel-coated plastic chamber slides and

cultured in the differentiation medium in the absence of FGF2

for 30-days. The medium for each condition was changed every

other day.

DNA, RNA, and protein isolation

DNA, RNA, and proteins were isolated from one million cells using

the Allprep DNA-RNA-Protein kit (QIAGEN). Concentration and

quality of DNA and RNA were, respectively, determined in a Nano-

drop 1000 Spectrophotometer and in an Agilent 2100 Bioanalyzer.

Total protein concentration was assessed with the BCA assay

(Thermo Scientific).

DNA methylation analysis

The EZ DNA Methylation Kit (Zymo Research) was used for bisul-

fite conversion of 1,000 ng genomic DNA. Bisulfite-converted

DNA was hybridized onto the Infinium Human Methylation 450K

BeadChip Kit (Illumina) which covers 99% of the RefSeq genes

and 96% of CpG islands at a single-base resolution (refer to

Product Datasheet: http://www.illumina.com/products/methyla

tion_450_beadchip_kits.ilmn). We have previously demonstrated a

correlation coefficient of findings above 95% between the Illu-

mina 450k platform and whole-genome bisulfite sequencing (Kulis

et al, 2012). The Infinium methylation assay was carried out

following criteria requested for this platform (Bibikova et al,

2011). All the array experiments were performed simultaneously

at the same day, and PD and control samples were randomized at

each BeadChip, ruling out any potential batch effect. Array data

were analyzed by minfi package available through Bioconductor

(Kasper Daniel Hansen and Martin Aryee. Minfi: Analyze Illu-

mina’s 450k methylation arrays. R package version 3.0.1). To

exclude technical biases, we used an optimized pipeline with

several filters developed at the Unidad de Hematopatologı́a at

IDIBAPS (Kulis et al, 2012). From the initial dataset of 485,512

sites (excluding probes detecting SNPs), we removed those with

poor detection P-values (P > 0.01, n = 670) and those with sex-

specific DNA methylation (n = 6,614). The remaining 478,228

sites were used for downstream analyses. Single CpG quantitative

methylation values (beta values) in each sample were calculated

as the ratio of the methylated signal intensity to the sum of

methylated and unmethylated signals. Resulting quantitative

methylation values ranged from 0, fully unmethylated, to 1, fully

methylated CpGs. DNA from pure mouse PA6 cell cultures was

included as a control sample that did not hybridize at readable

levels in the human Illumina 450k methylation array, therefore

not influencing methylation findings.

Genomic annotation of CpGs

The 450k Human Methylation Array data was annotated using the

current hg19 version of the UCSC Genome Browser as reference

sequence. We assigned the CpGs into discrete categories according

to their location with respect to gene-related regions: 10-kb 50 region

(10,000 to 1,501 bp upstream of the transcriptional start site (TSS)),

1.5-kb 50 region (1,500 to 201 bp upstream of the TSS), TSS 200

(200 to 1 bp upstream of the TSS), 50 UTR, gene first exon, gene
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body (from the first intron to the last exon), 30 UTR, 1.5-kb 30 region

(1 to 1,500 bp downstream of the 30UTR), 10-kb 30 region (1,501 to

10,000 bp downstream of the 30UTR), and intergenic regions. Owing

to the presence of alternative transcription start sites and regions

containing more than one gene, some CpGs were assigned multiple

gene annotations. For the DMCpGs location relative to a CpG island

(CGI), we used the categories: within CGI, in CGI shore (up to 2 kb

from the CGI edge), in CGI shelf (from 2 to 4 kb from the CGI edge),

and outside CGI.

Statistics: identification of differentially methylated CpGs

For each CpG, we computed the difference between the DNA methy-

lation level in the two groups under comparison. Subsequently,

CpGs were considered differentially methylated (DMCpGs) when

showing a delta-beta methylation difference above |0.25| and a false

discovery rate (FDR)-adjusted P Wilcoxon rank test for independent

samples below 0.05. A delta-beta above |0.20| is detectable with a

99% confidence in our methylation platform (Bibikova et al, 2011).

Consistently, the same cutoff of delta-beta above |0.25| and FDR-

adjusted P < 0.05 was used in our study to identify statistically

significant methylation differences (DMCpGs) between cases and

controls in iPSC-derived DAn, fibroblasts, undifferentiated iPSC, and

iPSC-derived neural cultures not-enriched-in-DAn for any given

comparison.

Statistics: Gene expression analysis and identification of
differentially expressed genes

We hybridized 100 ng of RNA onto the Genechip Human Exon 1.0

ST Array (Affymetrix) which covers > 96% of the human transcrip-

tome. Using a robust multi-array analysis (RMA) algorithm (Irizarry

et al, 2003), pre-processing of microarray data resulted in single

gene log2-transformed values from 36,079 transcripts (22,014 Entrez

RefSeq. genes). We filtered out (i) genes with group mean signals

< 50 percentile of all signals, and (ii) genes with standard deviation

(SD) < 50 percentile of all SDs. The remaining 4,686 Entrez RefSeq

genes were used for downstream analysis. RNA from pure mouse

PA6 cell cultures was included as a control sample that did not

hybridize at readable levels in the Affymetrix human array, there-

fore not influencing expression findings. We used the Bioconductor

Limma package to detect differentially expressed genes (DEGs)

under a linear model with empirical bayes moderation of the vari-

ance similar to ANOVA developed to adjust for small sample size in

microarray studies (Smyth, 2004). A FDR-adjusted P < 0.05 was

used to identify DEGs.

Real-time quantitative RT–PCR

We analyzed by real-time qPCR the expression levels of ten DEGs

identified by the genomewide gene expression microarray: OTX2,

PAX6, ZIC1, DCT, NEFL, DCC, SYT11, SNCA, CAV1, and TFPI2 (Fig 3).

cDNA was synthesized using the High Capacity cDNA Reverse Tran-

scription kit (Applied Biosystems). We used 1 ng of cDNA for each

real-time qPCR. Gene amplification was done using pre-designed

Taqman Gene Expression assays in a StepOnePlus Real-time PCR

System (Applied Biosystems). The log2 fold change (FC) values and

statistical significances of DEGs were calculated using the DDCt

method in the DataAssist v3.0 software (Applied Biosystems). We

normalized the expression of DEGs to the housekeeping genes glycer-

aldehydes-3-phosphate dehydrogenase (GAPDH), beta-actin (ACTB),

and cyclophylin A (PPIA). Pearson correlation between microarray

and real-time qPCR data was computed using the SPSS 16.0 software.

Commercially available assay numbers are as it follows: OTX2

(hs00222238_m1), PAX6 (hs00240871_m1), ZIC1 (hs00602749_m1),

DCT (hs01098278_m1), NEFL (hs00196245_m1), DCC (hs001804

37_m1), SYT11 (hs00383056_m1), SNCA (hs01103383_m1), CAV1

(hs00971716_m1), TFPI2 (hs00197918_m1), GAPDH (hs027589

91_g1), ACTB (hs01060665_g1), and PPIA (hs04194521_s1).

Biological enrichment analysis

To determine whether genes associated with DMCpGs (1,178 genes/

2,087 CpGs) or DEGs (n = 437) in PD were enriched in particular

gene ontology (GO) terms, we used the Functional Annotation Tool

(FAT) of the Database for Annotation, Visualization and Integrated

Discovery (DAVID) (Huang da et al, 2009). Multiple hypothesis test

correction was performed using the Benjamini & Hochberg algo-

rithm (Benjamini, 1995).

Correlation of DNA methylation and expression data

Based on common gene annotations, DNA methylation data from

2,087 PD-associated DMCpGs and gene expression data from all

36,079 transcripts were overlapped. We detected 2,430 annotating

pairs. Subsequently, Spearman correlation analysis was done under

a FDR-adjusted P < 0.05.

Transcriptional and epigenomic characterization of differentially
methylated sites

We analyzed our data in the context of functional chromatin states

using the NHEK keratinocyte as background cell line (Ernst et al,

2011) which is similar to the cells used to generate iPSCs in our study.

We considered regions with states 1 and 2 (designated as “active

promoter” and “weak promoter”) as “promoter regions”; state 3 as

“poised promoters”; states 4, 5, 6, and 7 (designated as “strong

enhancer” and “weak/poised enhancer”) as “enhancer regions”; state

8 as “insulator”; states 9 and 10 (designated as “transcriptional transi-

tion” and “transcriptional elongation”) as “strong transcription

regions”; state 11 as “weak transcription”; state 12 as “Polycomb

repressed”; and states 13, 14, and 15 (designated as “heterochromatin

(nuclear lamina)” and “repetitive heterochromatin”) as “heterochro-

matin regions”.

Transcription factor analysis

We overlapped the methylation data from 2,087 PD DMCpGs with

transcription factor (TF)-binding site (TFBS) clusters generated by

ChIP-seq in the ENCODE project (Dunham et al, 2012; Gerstein

et al, 2012; Lee et al, 2012) and available at the UCSC Genome

Browser (http://genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg19&g=

wgEncodeHaibTfbs). For each TF, we calculated the log2 ratio of the

proportion of TFBSs in the lists of hyper- and hypomethylated

DMCpGs as compared to that in the whole methylation array

(Table EV7). A Fisher exact test with a FDR-adjusted P < 0.05
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resulted in 25 significant TFs. Of these, 23 TFs showed enrichment

of binding sites at PD-hypermethylated DMCpGs. Spearman correla-

tion analysis was done under a FDR P < 0.05 to study the associa-

tion between average methylation levels at hypermethylated

DMCpGs from enhancer sites, annotated in the NHEK background,

and the gene expression of related TFs.

Immunoblotting

We used the following primary antibodies: rabbit anti-FOXA1

(Abcam, 1:500, #ab23738), rabbit anti-NR3C1 (Santa Cruz, 1:2,000,

#sc1002), goat anti-HNF4A (Santa Cruz, 1:1,000, #sc6556), rabbit

anti-FOSL2 (Santa Cruz, 1:500, #sc604), rabbit anti-OTX2 (Millipore,

1:1,000, #ab9566), rabbit anti-PAX6 (Covance, 1:500, #prb278p),

rabbit anti-ZIC1 (Abcam, 1:1,000, #ab72694), mouse anti-SYT11

(Santa Cruz, 1:500, #sc365991), rabbit anti-DCT (Santa Cruz, 1:250,

#sc25544), mouse anti-DCC (BD Pharmigen, 1:2,000, #554223),

mouse anti-SNCA (BD Transduction Laboratories, 1:500, #610787),

mouse anti-NEFL (Sigma, 1:500, #5139), mouse anti-b-actin (Sigma,

1:5,000, #A5441), and mouse anti-a-tubulin (Sigma, 1:10,000,

#T5168). Nitrocellulose membranes were incubated overnight at 4°C
with primary antibodies diluted in 2% BSA/PBS. Appropriate

secondary antibody (anti-mouse and anti-rabbit from Amersham Bio-

sciences, or anti-goat from Santa Cruz), coupled to horseradish perox-

idase and diluted in 1% milk powder/PBS (1:5,000 dilution), were

incubated 1 h at room temperature, followed by repeated washing

with PBS. Immunoreactive bands were visualized using the Super-

Signal Femto Chemiluminescent Substrate (Pierce) in the ImageQuant

RT ECL imaging system (GE Healthcare). Protein band intensity was

quantified by densitometry using the ImageJ Software. A total of 10

PD samples and four controls were studied for OTX2, PAX6, ZIC1,

SYT11, DCT, DCC, SNCA, and NEFL. In the case of FOXA1, NR3C1,

HNF4A, and FOSL2, six PD cases and three controls were analyzed as

to illustrate extremes of a gene expression continuum that gradually

increases from PD to controls. In both cases, a two-tailed Student’s

t-test was used to compare the PD and control groups. All samples

were assayed in at least three independent experiments. Data in

Figs 7A and B, and EV3A and B are represented as group

mean ! SEM.

Immunofluorescence

iPSC-derived DAn were grown on plastic cover slide chambers, fixed

with 4% paraformaldehyde, and then permeabilized with 0.5%

Triton X-100 in TBS. Cells were then blocked in 0.5% Triton X-100

with 3% donkey serum for 2 h before 4°C overnight incubation with

the appropriate primary antibodies. We used the following antibod-

ies: mouse anti-TH (Chemicon, 1:1,000, #mab5280), rabbit anti-TH

(Sigma, 1:1,000, #t8700), mouse anti-TUJ1 (Covance, 1:500,

#mms435p), rabbit anti-GIRK2 (Sigma, 1:40, #P8122), goat anti-

FOXA2 (R&D Systems, 1:100, #AF2400), rabbit anti-NURR1 (Santa

Cruz, 1:200, #sc-991), mouse anti-SYP (Millipore, 1:500, #MAB332),

rabbit anti-OTX2 (Millipore, 1:1,000, #ab9566), rabbit anti-PAX6

(Covance, 1:100, #prb278p), and mouse anti-DCC (BD Pharmigen,

1:250, #554223). Secondary antibodies used were all from the Alexa

Fluor Series (Invitrogen, all 1:500). Images were taken using a Leica

SP5 confocal microscope. For quantification of stained cells,

randomly 300 cells per differentiated aggregate were counted

(average 5–6 differentiated aggregates per experiment). Data points

represent the average of at least three independent experiments. To

visualize nuclei, slides were stained with 0.5 lg/ml DAPI (40,6-

diamidino-2-phenylindole) and then mounted with PVA/DABCO.

Study approval

This study has been conducted conforming the principles of the

Declaration of Helsinki and the Belmont Report. 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 Clı́nic de Barcelona approved the study. All subjects

gave written informed consent prior to their participation in the

study.

Accession number

Genomewide DNA methylation and gene expression datasets gener-

ated in this study have been deposited in the Gene Expression

Omnibus (GEO) under accession GSE16453. Summaries of analyses

on these crude data may be found at Tables EV1, EV3, EV4, and EV6.

Expanded View for this article is available online.
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8.3. Activity and High-Order effective connectivity alteration in Sanfilippo C Patient-
specific neuronal networks (Research Paper). 
 
Canals, I., Soriano, J., Orlandi J.G., Torrent, R., Richaud-Patin, Y., Jiménez-Delgado S., Merlin, 

S., Follenzi, A., Consiglio, A., Vilageliu, L., Grinberg, D., Raya, A., Activity and High-Order 

Effective Connectivity Alterations in Sanfilippo C Patient-Specific Neuronal Networks, 2015, 

Stem Cell Reports, 5: 546-57. 

 
Here, our group has collaborated with Daniel Grinberg and Luïsa Vilageliu, in the generation of 
iPSC lines from two patients with Sanfilippo type C syndrome (SFC), a lysosomal storage 
disorder with inheritable progressive neurodegeneration, as well as two healthy donors (WT). 
Mature neurons obtained from patient-specific iPSC lines recapitulated the main known 
phenotypes of the disease, not present in genetically corrected patient-specific iPSC-derived 
cultures. Moreover, neuronal networks organized in vitro from mature patient-derived neurons 
showed early defects in neuronal activity, network-wide degradation, and altered effective 
connectivity. Our findings establish the importance of iPSC-based technology to identify early 
functional phenotypes, which can in turn shed light on the pathological mechanisms occurring in 
Sanfilippo syndrome. This technology also has the potential to provide valuable readouts to 
screen compounds, which can prevent the onset of neurodegeneration. 
 
Specifically, I have participated to: 

1. The generation of teratomas in SCID mice, in order to test the in vivo capacity of these 
iPSC to spontaneously differentiate into cell derivatives of the three embryo germ layers 
(See Figure 1G). 

2. Characterization of in vitro neural differentiation of Control (WT) and SFC-specific iPSC 
lines. Specifically, we performed immunofluorescence staining for MAP2 (a mature 
neuronal marker) and GFAP (Astrocyte marker), in order to assess the capacity of each 
line to differentiate into mature neurons. In addition we also characterize this neurons 
with SYNAPSIN, a marker for synapses, in order to assess that the differentiated 
neurons are functionally active (See Figure 2). 

3. Characterization of in vitro neural differentiation of WT and SFC-specific iPSC at 9 
weeks of culture: lysosome alterations in SFC-iPSC-derived neurons. We 
immunostained the neural cultures with MAP2 and LAMP2. Immunoanalysis of LAMP2 
staining per neuronal area in MAP2 neurons, show significant differences between 
controls and patients (Figures 4D and 4E). 
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SUMMARY

Induced pluripotent stem cell (iPSC) technology has been successfully used to recapitulate phenotypic traits of several human diseases

in vitro. Patient-specific iPSC-based disease models are also expected to reveal early functional phenotypes, although this remains to be

proved. Here, we generated iPSC lines from two patients with Sanfilippo type C syndrome, a lysosomal storage disorder with inheritable

progressive neurodegeneration. Mature neurons obtained from patient-specific iPSC lines recapitulated the main known phenotypes of

the disease, not present in genetically corrected patient-specific iPSC-derived cultures. Moreover, neuronal networks organized in vitro

frommature patient-derived neurons showed early defects in neuronal activity, network-wide degradation, and altered effective connec-

tivity. Our findings establish the importance of iPSC-based technology to identify early functional phenotypes, which can in turn shed

light on the pathological mechanisms occurring in Sanfilippo syndrome. This technology also has the potential to provide valuable read-

outs to screen compounds, which can prevent the onset of neurodegeneration.

INTRODUCTION

Sanfilippo syndrome, also known as mucopolysaccharido-
sis type III (MPS III), is a lysosomal storage disorder (LSD)
with an autosomal recessive inheritance pattern. Four
different subtypes have been described (type A, OMIM
252900; type B, OMIM 252920; type C, OMIM 252930;
and type D,OMIM252940), which share clinical character-
istics, including severe early onset CNS degeneration that
typically results in death within the second or third decade
of life (Valstar et al., 2008). Each subtype is caused by mu-
tations in a different gene encoding for enzymes involved
in the degradation pathway of the glycosaminoglycan
(GAG) heparan sulfate (Neufeld and Muenzer, 2001). The
lack of activity of any of these enzymes leads to the accu-
mulation of partially degraded heparan sulfate chains
within the lysosomes. Subtype C (MPS IIIC) is caused by
mutations in the HGSNAT gene, encoding acetyl-CoA
a-glucosaminide N-acetyltransferase (EC 2.3.1.78), a lyso-
somal membrane enzyme. The prevalence of MPS IIIC
ranges between 0.07 and 0.42 per 100,000 births, depend-
ing on the population (Poupetová et al., 2010). The
HGSNAT gene was identified by two independent groups
in 2006 (Fan et al., 2006; H!rebı́!cek et al., 2006), and 64

different mutations have been identified since then
(Human Gene Mutation Database Professional 2014.3). A
mouse model has been very recently developed (Martins
et al., 2015), but a cellular model for Sanfilippo type C
has yet to be developed.
The ability to reprogram somatic cells back to a pluripo-

tent state (Takahashi and Yamanaka, 2006; Takahashi
et al., 2007) has created new opportunities for generating
in vitro models of disease-relevant cells differentiated
from patient-specific induced pluripotent stem cell (iPSC)
lines (recently reviewed by Cherry and Daley, 2013; Inoue
et al., 2014; Trounson et al., 2012). This approach has been
shown to be particularly useful in the case of congenital or
early-onset monogenic diseases. In particular, iPSC-based
models of various LSD have been established, including
Gaucher disease (Mazzulli et al., 2011; Panicker et al.,
2012; Park et al., 2008; Schöndorf et al., 2014; Tiscornia
et al., 2013), Hurler syndrome (Tolar et al., 2011), Pompe
disease (Higuchi et al., 2014; Huang et al., 2011), Sanfilippo
B syndrome (Lemonnier et al., 2011), and Niemann-Pick
type C1 (Maetzel et al., 2014; Trilck et al., 2013). In all these
cases, disease-relevant cell types derived from patient-spe-
cific iPSCs not only displayed morphologic, biochemical,
and/or functional hallmarks of the disease but also have
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the capacity of being used as a drug-screening platform to
find therapies that are capable of reverting LSD-related
phenotypes.
In this study, we set out to test whether patient-specific

iPSC-derived cells could be used to investigate the existence
of early functional alterations prior to the appearance of
disease-related phenotypes identified in patients. For this
purpose, we generated iPSCs from fibroblasts of Sanfilippo
C syndrome patients (SFC-iPSCs) and differentiated them
into neurons, which recapitulate the pathological pheno-
types observed in vivo, such as low acetyl-CoA a-glucosa-
minide N-acetyltransferase activity, accumulation of
GAGs, and an increase in lysosome size and number. More-
over, we found that neural networks organized in vitro
from control iPSC-derived neurons grew in complexity
over time, as quantified in terms of neuronal activity,
network activity, and effective connectivity, a measure of
neuronal network function as defined by information the-
ory and analyzed through generalized transfer entropy
(GTE) methods. In contrast, networks of SFC-iPSC-derived
neurons showed early defects in neuronal activity and
alterations in effective connectivity and network organiza-
tion over time.
The identification of early functional phenotypes in

SFC-iPSC-derived neurons attests to the validity of iPSC-
based technology to model pre-symptomatic stages of
human diseases, thus widening the spectrum of potential
applications of somatic cell reprogramming for biomedical
research.

RESULTS

Generation and Characterization of
Patient-Specific iPSCs
Fibroblasts from two unrelated Spanish patients with San-
filippo type C syndrome (SFC6 and SFC7) and two healthy
individuals (WT1 and WT2) were collected. Patient SFC6
was a compoundheterozygote carrying a splicingmutation
(c.633+1G > A) and a missense mutation (c.1334T > C;
p.L445P), both of which were found only in this patient
(Canals et al., 2011). This patient was also carrying the Rob-
ertsonian translocation der(13;14)(q10;q10), which is the
most common chromosome rearrangement in humans
and is usually phenotypically silent (Engels et al., 2008).
Patient SFC7 was a homozygote for themost prevalentmu-
tation in Spanish patients, accounting for 50% of the
mutated alleles (Canals et al., 2011), affecting another
splicing site (c.372-2A > G), which results in residual
enzyme activity (Matos et al., 2014) and a typically less se-
vere clinical progression. The effects of these mutations on
the splicing process and the transferase protein have been
previously described (Canals et al., 2011).

Fibroblasts were reprogrammed at early passages (5–7)
through the retroviral delivery of SOX2, KLF4, and OCT4
(3F) or SOX2, KLF4, OCT4, and c-MYC (4F) to generate
up to 15 independent iPSC lines for each individual.
We selected clones displaying embryonic stem cell-like
morphology and positive alkaline phosphatase staining.
Four clones representing each individual were chosen to
be thoroughly characterized and shown to be fully reprog-
rammed, as judged by the silencing of the reprogramming
transgenes, activation of endogenous pluripotency-
associated factors, expression of pluripotency-associated
transcription factors and surface markers, demethylation
of OCT4 and NANOG promoters, pluripotent differentia-
tion ability in vitro and/or in vivo, and karyotype stability
after more than 15 passages (Figures 1A–1G and S1A–S1F;
Table S1).

Patient-Specific Neurons Recapitulate Known
Sanfilippo C Phenotypes
Wild-type (WT)- and SFC-iPSCs were then differentiated
to pure masses of neural precursors using a previously
described protocol (Cho et al., 2008) that involves the for-
mation of embryoid bodies and the culture of neural pre-
cursor cells to form spherical neural masses (SNMs), which
can be expanded and subsequently differentiated to
mature neurons after culturing them for several weeks in
neuronal induction medium (Figure 2A; see Supplemental
Experimental Procedures for further details). SNMs derived
from WT- and SFC-iPSC lines homogeneously expressed
neural progenitor markers such as PAX6, NESTIN, and
SOX2, as well as proliferation markers such as Ki67 (Fig-
ure S2). Furthermore, when iPSC-derived SNMs were
cultured in neuronal induction media supplemented with
N2 and B27, differentiation into mature and synaptically
active neurons was evident within 3 to 5 weeks (Figures
2B and 2C). After about 3 weeks in neuronal medium, the
cultures formed dense neuronal networks and stained for
dendritic marker MAP2 and synaptic marker SYNAPSIN.
Under these conditions, SNMs mainly generated MAP2-
positive mature neurons (63% ± 3% of differentiated cells,
mean ± SEM; n = 37), but also GFAP-positive cells (10% ±
1% of differentiated cells, mean ± SEM; n = 37), confirming
their neurogenic capacity (Figure 2B). MAP2-positive neu-
rons showed expression of SYNAPSIN, indicating their
capability to form synapses (Figure 2C).
Mutation analysis confirmed that SFC-iPSCs bore the

mutations present in the patients’ fibroblasts, resulting in
the expected splicing defects (data not shown). SFC-iPSCs
showed no detectable acetyl-CoA a-glucosaminide N-ace-
tyltransferase activity, consistent with the low enzyme
activity levels found in patients’ fibroblasts (1.78% and
3.02% of that of WT fibroblasts for SFC6 and SFC7, respec-
tively; Figure 3A). Similarly, SNMs and neural cultures
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derived from SFC-iPSCs showed low enzyme activity levels,
representing less than 1% of those found in control cells
(Figures 3C and 3D). Total GAG content in patients’ fibro-

blasts approximately doubled that of control cells (Fig-
ure 3E). In contrast, SFC-iPSC-derived neural cultures accu-
mulated GAG over time, reaching statistically significant

Figure 1. Generation and Characterization of Control and SFC-iPSC Lines Using 3 Reprogramming Factors
A total of 17 independent iPSC lines were obtained after reprogramming control (WT1 and WT2) and SFC (SFC6 and SFC7) fibroblasts with
retroviruses expressing OCT4, SOX2, and KLF4. Two lines per fibroblast sample were selected for complete characterization: WT1-iPS#3.1,
WT1-iPS#3.6, WT2-iPS#3.1, WT2-iPS#3.2, SFC6-iPS#3.1, SFC6-iPS#3.2, SFC7-iPS#3.1, and SFC7-iPS#3.2. Shown are representative images
of the characterization of WT (WT1-iPS#3.6), SFC6 (SFC6-iPS#3.1), and SFC7 (SFC7-iPS#3.1) iPSC lines.
(A) Left: SFC fibroblasts before being transduced with retroviruses carrying reprogramming factors. The scale bar represents 50 mm. Center:
Typical human embryonic stem cell (hESC)-like colonies obtained after SFC fibroblast reprogramming. The scale bar represents 400 mm.
Right: Positive alkaline phosphatase staining of the hESC-like SFC-iPSC colonies. The scale bar represents 400 mm.
(B) Bisulfite genomic sequencing of the OCT4 and NANOG promoters showing demethylation pattern in WT-, SFC6-, and SFC7-iPSCs.
(C) RT-qPCR analyses of the expression levels of the indicated retroviral-derived reprogramming factors (TRANS-) and endogenous (ENDO-)
genes in WT-, SFC6- and SFC7-iPSC.
(D) Karyotype of WT-, SFC6-, and SFC7-iPSCs, which are identical to that of parent fibroblasts (including the known balanced Robertsonian
translocation der[13;14][q10;q10] of SFC6).(E) Representative colonies of WT-, SFC6-, and SFC7-iPSCs stained positive for the pluripo-
tency markers OCT4, SOX2, and NANOG (green) and SSEA3, SSEA4, and TRA-1-81 (red). The scale bar represents 100 mm.
(F) Immunofluorescence analyses with specific markers on WT-, SFC6-, and SFC7-iPSCs differentiated in vitro to generate cell derivatives of
all three primary germ layers. Endoderm, a-fetoprotein (green), FOX2A (red); mesoderm, GATA4 (green), a-SMA (red); and ectoderm, TUJ1
fetoprotein (green), GFAP (red). The scale bar represents 100 mm.
(G) Immunofluorescence analyses with specific markers on sections from the same teratoma induced after injecting WT-, SFC6-, or SFC7-
iPSCs, showing cell derivatives of the three embryo germ layers. Endoderm, a-fetoprotein (green), FOX2A (red); mesoderm, SOX9 (green),
CS (red); and ectoderm, TUJ1 fetoprotein (green), GFAP (red). The scale bar represents 100 mm.
See also Figure S1 and Table S1.
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differences compared with controls only after 9 weeks of
culture (Figure 3F).
Gene-corrected controls were generated by lentiviral

(LV) complementation of SNMs with WT cDNA for the
HGSNAT gene under a cytomegalovirus (CMV) promoter
(LV.CMV.HGSNAT.ires.GFP; Figure S3A). The vector also
expressed GFP downstream of an internal ribosome entry
site element. Neural cells differentiated from gene-cor-
rected SNMs showed high activity of the enzyme, between
50- and 150-fold higher than those differentiated from
WT-SNMs transduced with a control LV.CMV.GFP vector
(Figures S3B–S3E), demonstrating long-term sustained
transgene expression. Gene complementation of SFC-
derived neural cultures prevented the statistically signifi-
cant accumulation of GAG observed in GFP-transduced
SCF cells after 9 weeks of differentiation, when compared
with control cells (Figure 3F).
Analysis by transmission electron microscopy (TEM) re-

vealed marked differences in lysosomes between controls
and patients, which increased along time. Whereas lyso-
somes for control cultures showed typical morphology
and size, we found only large vacuoles with an empty-like
appearance in patients’ samples (Figure 4A), similar to
those described in a mouse model of Sanfilippo B (Vitry
et al., 2010). These vacuoles were derived from lysosomes,
as judged by positive immuno-gold staining for LAMP1
(Figure 4B). The differences in lysosome size increased
with culture time and reached 80% for both patients

compared with controls at 9 weeks (Figure 4C). In addition,
immunostaining for LAMP2 in isolated neurons of these
cultures analyzed 9 weeks after differentiation showed sig-
nificant differences between controls and patients (Figures
4D and 4E), consistent with the 80% detected by the TEM
analysis, and illustrating that these differences can be
detected specifically in iPSC-derived neurons. After trans-
ductionwith theHGSNATcDNA, some cells presented lyso-
somes with a morphology between the affected type and
those of WT, suggesting a partial correction (Figure 4A).

Network-Broad Activity Alterations in Sanfilippo C
Neuronal Cultures
Next, we allowed control- and SFC-iPSC-derived neurons to
form networks and used a calcium fluorescence imaging
assay to monitor functional neuronal activity after 3, 6,
and 9 weeks. Typical recordings of spontaneous activity
at week 9 for the different conditions are shown in Movies
S1, S2, and S3. WT-iPSC-derived neurons showed repeated
firing episodes of large amplitude (‘‘bursts’’) that were not
present in SFC6-iPSC neurons. SFC7-iPSC neurons showed
a slightly richer activity than SFC6-iPSC neurons, but the
amplitude of the bursts was still low compared with WT-
iPSC neurons (Figure 5A). Gene complementation with
HGSNAT significantly changed the activity of the patient-
specific iPSC-derived neurons, and both SCF6- and SCF7-
iPSC-derived neurons exhibited activity patterns similar
to those of WT.

Figure 2. Neural Differentiation of Con-
trol and SFC-Specific iPSC Lines
(A) Scheme illustrating the differentiation
protocol from iPSC to mature neurons
through the establishment of SNMs en-
riched in neural progenitors (NPs).
(B) Left images show immunofluorescence
analyses on representative neural differen-
tiation cultures from SNMs derived from
WT2-iPSC#3.1 (WT) and SFC7-iPSC#4.8 (SFC)
iPSC lines, stained for typical markers of
mature neurons (MAP2 in green) and as-
trocytes (GFAP in red). Central and right
images display the green and red channels
in white, for clarity. Similar results were
obtained from neural differentiation cul-
tures of SNMs derived from WT1-iPSC#3.1,

WT1-iPSC#3.6, WT1-iPSC#4.10, WT1-iPSC#4.12, WT2-iPSC#3.2, WT2-iPSC#4.2, WT2-iPSC#4.5, SFC6-iPSC#3.1, SFC6-iPSC#3.2, SFC6-
iPSC#4.6, SFC6-iPSC#4.7, SFC7-iPSC#3.1, SFC7-iPSC#3.2, and SFC7-iPSC#4.9 iPSC lines. The scale bar represents 50 mm.
(C) Representative image of the immunofluorescence analysis of a neuron differentiated from SNMs derived from the SFC7-iPSC#4.8 iPSC
line, stained with MAP2 (green), a mature neuronal marker, and SYNAPSIN (red), a marker for synapses (upper image). Magnification of a
neuron prolongation with specific staining for SYNAPSIN (lower image). Similar stainings were obtained from neural differentiation
cultures of SNMs derived from WT1-iPSC#3.1, WT1-iPSC#3.6, WT1-iPSC#4.10, WT1-iPSC#4.12, WT2-iPSC#3.1, WT2-iPSC#3.2, WT2-iPSC#4.2,
WT2-iPSC#4.5, SFC6-iPSC#3.1, SFC6-iPSC#3.2, SFC6-iPSC#4.6, SFC6-iPSC#4.7, SFC7-iPSC#3.1, SFC7-iPSC#3.2, and SFC7-iPSC#4.9 iPSC lines.
The scale bar represents 5 mm.
See also Figure S2.
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The overall network performance was first quantified by
means of two standard descriptors: (1) neuronal activity,
which was defined as the average number of bursting epi-
sodes per neuron during the 30 min recording time, and
(2) fraction of active neurons, which was defined as the ra-
tio between those cells that showed at least one bursting
episode and the total population monitored (see detailed
definition and measurement in Experimental Procedures).
We first considered the scenario of cultures that were
not transduced to test the reliability of our analysis. The
network activity for WT cultures was close to 1, indicating
that most of the neurons in the network were active (Fig-
ure 5B). Activity wasmaintained within experimental error

at weeks 6 and 9. This stability of WT measurements al-
lowed us to associate possible changes in activity due solely
to the disorder. Indeed, neuronal activity in the patients’
neurons showed a gradual decrease, although the loss of ac-
tivity was more evident in networks of SFC6-iPSC-derived
neurons (Figure 5B).
We next considered the cultures that were transduced

by LV.CMV.GFP and LV.CMV.HGSNAT.ires.GFP and carried
out identical measurements (Figure 5C). For clarity, we
compared the relative change in activity of the cultures
from patients with respect to their WT counterparts
(namely, WT solely transduced with GFP or WT trans-
duced with both GFP and HGSNAT). We verified that WT

A

C

E F

D

B

Figure 3. HGSNAT Activity and GAG Storage in Control and SCF-Specific Cell Types
(A–D) Analyses of the HGSNAT enzyme activity expressed in nmol3 h!13mg!1 protein for the WT-, SFC6-, and SFC7-fibroblasts (A), iPSCs
(B), SNMs (C), and neurons (D). The data show mean ± SD of three independent experiments performed in triplicate (WT1, SFC6, and SFC7
fibroblasts and iPSCs, SNMs, and neurons derived from the WT1-iPSC#3.6, SFC6-iPSC#3.1, and SFC7-iPSC#3.1 iPSC lines), and three
independent experiments performed in duplicate (WT2 fibroblasts and iPSC, SNMs, and neurons derived from the WT1-iPSC#3.1, WT1-
iPSC#4.10, WT2-iPSC#3.1, WT2-iPSC#3.2, WT2-iPSC#4.2, WT2-iPSC#4.5, SFC6-iPSC#3.2, SFC6-iPSC#4.6, SFC6-iPSC#4.7, SFC7-iPSC#3.2,
SFC7-iPSC#4.8, and SFC7-iPSC#4.9 iPSC lines). **p < 0.01 (WT versus patients), ***p < 0.001 (WT versus patients).
(E) Analyses of the GAG levels expressed as percentage of WT levels, in WT1-, SFC6-, and SFC7-fibroblasts (E) and neurons differentiated for
3, 6, and 9 weeks from SNMs derived from the SFC6-iPSC#3.1 and SFC7-iPSC#3.1 iPSC lines or after 9 weeks from gene-complemented
(treated) SNMs derived from the SFC6-iPSC#3.1 and SFC7-iPSC#3.1 iPSC lines, relative to neurons differentiated at the same time points
from SNMs derived from the WT1-iPSC#3.6 iPSC line (F). The data show mean ± SD of three independent experiments performed in
duplicate. **p < 0.01 (WT versus patients).
See also Figure S3.
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GFP-transduced neurons showed the same trend as the un-
transduced ones within statistical error. SFC6 and SFC7
neuronal networks gradually decayed in activity, and at
week 9, activity loss reached about 70% and 45%, respec-
tively, compared with controls. The reproducibility of this
trend (evidenced by the small error bars and their similar
trends in Figures 5B and 5C) indicates that the transduction
protocol itself didnot influence thebehavior of theneurons
and the development of the network. On the other hand,
HGSNAT-transduced cultures showed a significant increase
in activity over time, reaching activity levels similar to con-
trols at 9 weeks (Figure 5C).
The analysis of the fraction of active neurons in the

network allowed further characterization of the differences
between the HGSNAT-treated and untreated cultures. As
shown in Figure 5D, GFP-only SFC6 and SFC7 exhibited
at week 9 about 70% and 50% less active neurons, respec-
tively, compared with WT controls. However, after trans-
duction with HGSNAT, both SFC6 and SFC7 maintained a
fraction of active neurons comparable with the WTs. We
also include in Figure 5E the values of network activity at
week 9 (corresponding to the time point of Figure 5C).

GFP-transduced SFC6 and SFC7 cultures showed a signifi-
cant loss of network activity, while the corresponding
HGSNAT-transduced counterparts reached activity levels
indistinguishable from the control condition.

Effective Connectivity Degradation in Patient-Specific
Neuronal Networks
Effective network connectivity was determined by identi-
fying causal influences among neurons through GTE, an
information theory method that allows drawing a func-
tional map of neuronal interactions in the network (Or-
landi et al., 2014; Stetter et al., 2012). A total of 30 cultures
were analyzed, extending from week 3 to 9, and including
all the conditions (WT, SFC, and gene-corrected SFC). Fig-
ure 6 provides the connectivity maps of three representa-
tive neuronal cultures at weeks 3 and 9, comparing the
WTand SFC7 casewith andwithoutHGSNAT transduction.
The WT and SFC7-HGSNAT-transduced cultures displayed
comparable network structures, where most of the
neurons established a similar pattern of connections with
other neurons including a uniform increase in connectiv-
ity. In contrast, in the GFP-only SFC7 cultures, strong

Figure 4. Lysosome Alterations in SFC-
iPSC-Derived Neurons
(A) TEM micrograph representative of WT-,
SFC6-, SFC7-, and gene-complemented
SFC6-iPSC-derived neurons after 9 weeks of
differentiation, showing lysosomal-derived
accumulation vesicles (dark in the WT,
empty-like in both patients, and gray
in the gene-complemented sample). Neural
cultures for these experiments were
derived from SNMs established from the
WT1-iPSC#3.6, SFC6-iPSC#3.1, and SFC7-
iPSC#3.1 iPSC lines. The scale bar represents
2 mm.
(B) Immuno-gold analysis with anti-LAMP1
antibodies of SFC6-iPSC#3.1-derived neu-
rons after 9 weeks of differentiation
demonstrating the lysosomal origin of
accumulation vesicles (gold particles indi-
cated by black arrows). The scale bar repre-
sents 0.2 mm.

(C) Comparative analysis of lysosome size in WT, SFC6, and SFC7 samples, measured in TEM micrographs of fibroblasts and iPSC-derived
neurons at the indicated times of differentiation. Neurons were the most abundant cell type in these preparations and were readily
identified thanks to their round-shaped nuclei with weakly compacted chromatin and prominent nucleolus, scarce electrodense cytoplasm
with numerous organelles, and synaptic contacts. The values shown indicate the size of SFC6 and SFC7 lysosomes in each cell type relative
to the size of WT lysosomes in equivalent samples. The data show means ± SE of at least 200 lysosomes for each sample, obtained in 3
independent experiments. ***p < 0.001 (patients versus WT).
(D and E) Representative images of the immunoanalysis of LAMP2 staining per neuronal area in neurons (MAP2-positive cells) differ-
entiated from WT (line WT2-iPSC#3.1, left image) and SFC (line SFC7-iPSC#4.8, right image) iPSC lines (D) and comparative analysis
between control and patients at 9 weeks of differentiation (E). The values indicate the percentage of MAP2 stained area also stained for
LAMP2. The data show mean ± SE of at least 15 neurons for each sample, obtained in 3 independent experiments. **p < 0.01 (patients
versus controls).
See also Figure S4.
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connections were formed only within a subset of neurons,
leaving most of the remaining neurons weakly connected
or disconnected, particularly at week 9. In general, from
the total of 30 cultures analyzed for network effective con-
nectivity, this extreme feature was almost exclusive to SFC6
and SFC7 cultures at week 9, with 4 of 6 cultures showing
such a trait. All 9 WTcultures at any week showed uniform
connectivity characteristics, and of the 15 HGSNAT-trans-
duced cultures analyzed, only 1 SFC6-transduced culture
at week 9 exhibited this extreme trait.
As a complementary measure of network connectivity,

we also analyzed the cultures for the existence of assortativ-
ity (Newman, 2002). A network is said to be assortative
when nodes with many connections preferentially con-
nect to one another. In turn, nodes with few connections
also tend to connect to one another. Conversely, a network
is said to be disassortative if nodes with many connections
tend to connect with nodes with few connections. In our
experiments, of a total of 30 analyzed cultures, 24 were as-
sortative and 6 disassortative. Interestingly, 4 of the disas-
sortative networks corresponded to the SFC6 and SFC7 cul-
tures at week 9 (see, e.g., Figure 6, bottom central panel).

Each of the above analyses (i.e., the presence of uncon-
nected neurons and disassortativity traits) is not significant
when observed independently. However, their concurrent
presence is highly indicative of network-wide changes
in SFC6 and SFC7 untreated cultures compared with WT
andHGSNAT-transduced ones. Indeed, a combined Fisher’s
permutation test yields an achieved significance level (ASL)
of 0.02 between the SFC and WT cultures and an ASL of
0.03 between the SFC and SFC-HGSNAT transduced cul-
tures, whereas the ASL between SFC-HGSNAT and WT is
0.46, showing no statistically significant differences. The
reasonable significance of the former group supports the
idea that the disorder causes important network topology
changes, ultimately driving the affected networks toward
a state of high fragility.

DISCUSSION

In this work, we have generated a neuronal model of
Sanfilippo type C by reprogramming fibroblasts from two
patients using the iPSC technology. The generation of a

Figure 5. Altered Neuronal Activity in
SFC-Derived Neuronal Networks
(A) Representative traces of spontaneous
neuronal activity at week 9 of differentia-
tion analyzed by calcium fluorescence im-
aging. Top traces correspond to control
(GFP-transduced) neuronal networks; bot-
tom traces correspond to gene com-
plemented (HGSNAT-transduced) networks.
Sharp increases in the fluorescence signal
denote bursting episodes. Firings events of
low amplitude (arrowheads) correspond to
single spikes.
(B) Neuronal activity (total number of
firings per neuron monitored along 30 min
recording) of three independent un-
transduced cultures, at 3, 6, and 9 weeks
after differentiation for each cell line and at
each time point.
(C) Relative change in activity of control
(GFP-transduced) or gene complemented
(HGSNAT-transduced) SFC6 and SFC7
neuronal networks with respect to their
equivalent WT networks. Three independent
cultures were analyzed for each cell line at
each time point.

(D) Fraction of active neurons at week 9 in control (GFP-transduced) or gene complemented (HGSNAT-transduced) WT, SFC6, and SFC7
neuronal networks. Three independent cultures were analyzed for each cell line at each time point.
(E) Neuronal activity of control (GFP-transduced) or gene complemented (HGSNAT-transduced) WT, SFC6, or SFC7 neuronal networks at
week 9 of differentiation. In (B) through (E), error bars are root-mean-square error. Three independent cultures were analyzed for each line
at each time point. *p < 0.05 (patients versus WT), **p < 0.01 (patients versus WT), #p < 0.05 (GFP- versus HGSNAT-transduced), ##p < 0.01
(GFP- versus HGSNAT-transduced).
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neuronalmodel is relevant because themain features of the
disease cannot be studied in fibroblasts. The fact that we
used samples from two patients validates the results and al-
lows the detection of slight inter-individual differences,
although the study of additional Sanfilippo type C pa-
tient-specific iPSCs would be necessary to generalize our
conclusions.
iPSC technology has been widely used tomodel different

types of diseases, including those affecting the CNS (Dur-
naoglu et al., 2011; Okano and Yamanaka, 2014). Some
other LSDs have been modeled using iPSC technology,
which were later differentiated to the human cellular
type of interest for each case. For Pompe’s disease, cardio-
myocytes exhibit the highest accumulation of glycogen,
impaired autophagy, vacuolation, mitochondrial aber-
rances, and shorter survival times, features that were re-
verted after the overexpression of the normal gene (Huang
et al., 2011). In the case of Hurler disease, hematopoietic
and non-hematopoietic cells showed GAG accumulation
and could be rescued by introducing the normal copy of
the gene (Tolar et al., 2011). For Sanfilippo B syndrome, pa-
tient-derived neurons presented storage vesicles and Golgi
disorganization (Lemonnier et al., 2011). In the case of
Gaucher disease, iPSC-derived macrophages showed
impaired lysosomal function and red blood cell clearance,
recapitulating the hallmarks of the disease in this cell
type, which could be reverted after administration of the
recombinant enzyme (Panicker et al., 2012). Moreover,
Gaucher disease-specific macrophages and neurons dis-
played low enzyme activity that could be partially rescued
using small compounds with chaperone activity (Tiscornia

et al., 2013); and dopaminergic neurons accumulated glu-
cosylceramide and a-synuclein and showed autophagy
and lysosomal defects and dysregulation of calcium ho-
meostasis, all of which could be reverted after gene correc-
tion (Schöndorf et al., 2014). Finally, for Niemann-Pick
type C1, iPSC-derived neurons exhibited spontaneous ac-
tion potentials, confirming their maturation and accumu-
lated cholesterol (Trilck et al., 2013). In another work
regarding this disease, hepatic and neuronal cells presented
lower cell viability, cholesterol storage, and impaired auto-
phagy, features that could be reverted after gene correction
(Maetzel et al., 2014). In many of these studies, the pheno-
types observed could not be analyzed in fibroblasts, high-
lighting the importance of developing iPSC-derived
models. Gene complementation provides an important
experimental control that allows the assurance that the
phenotypes detected are due to the genetic defect in the pa-
tient, rather than reprogramming artifacts.
In the present study, enzyme activity was dispensable for

reprogramming and iPSC maintenance. This is in contrast
with Fanconi anemia (Raya et al., 2009; Navarro et al.,
2014), and also with Sanfilippo type B (Lemonnier et al.,
2011) and Pompe disease (Higuchi et al., 2014), in all of
which gene complementation was needed to achieve re-
programming. We hypothesize that the dispensability of
enzyme activity for iPSC generation and maintenance
might be related to overall low lysosomal activity in these
cells. Thus, all the iPSCs generated in the present study
(from either controls or SFC patients) showed relatively
small numbers of lysosomes in comparison with fibro-
blasts, as judged by immunostaining with LAMP2

Figure 6. Alterations in Effective Con-
nectivity in SFC-Derived Neuronal Net-
works
Structure of representative WT and control
(GFP-transduced) or gene complemented
(HGSNAT-transduced) SFC7-iPSC-derived
neuronal networks at 3 (top) and 9
(bottom) weeks of differentiation, as re-
constructed through GTE methods. In all the
depicted networks, circles show the actual
position of the neurons in the culture and
are color-coded according to their relative
connectivity. For easier visualization,
the number of neurons in each network
is limited to 150, which are randomly
chosen from the original set, and only those
connections with p values < 0.002 are rep-
resented.
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(Figure S4). Moreover, enzyme activity was very low in con-
trol iPSCs compared with fibroblasts (Figures 3A and 3B), as
were the activities of other lysosomal enzymes (b-hexosa-
minidase and b-glucocerebrosidase; data not shown), in
agreement with previous results (Tiscornia et al., 2013).
Taken together, all these data suggest that iPSCs present a
small number of lysosomes in comparison with other cell
types.
To reduce the variability associated with neural differen-

tiation of iPSCs (Falk et al., 2012), we established iPSC-
derived SNMs consisting of neural progenitor cells that
can be expanded and subsequently differentiated to neu-
rons and glia (Cho et al., 2008). Mature human neurons
that exhibit the principal features of the disease have
been successfully generated after culturing iPSC-derived
neural precursors cells for 3 to 9weeks in neuronal differen-
tiation medium. iPSC differentiation, including mature
and functional neurons as the main cellular type, was
proved through the expression ofmature neuronalmarkers
as well as synaptic proteins. Importantly, neuronal cultures
derived from SFC patients showed lack of enzyme activity
and an accumulation of GAGs and alteration of lysosomes.
Apart from the lack of enzyme activity, which is always
lacking in SFC cultures, other alterations appeared to be
progressive. GAGs accumulated over time, but in our exper-
iments, these differences did not reach statistical signifi-
cance versus controls until 9 weeks (around 50% respect
to control), which could indicate a lower rate of synthesis
and storage in this cell type compared to fibroblasts. Lyso-
somal alterations displayed through TEM/LAMP1 and im-
munostainingwith LAMP2were first noticed at 3 to 6weeks
and became dramatic at 9 weeks (almost doubled in size).
This timeline of appearance of alterations is in concor-
dance with the progressive nature of the disease and high-
lights current difficulties in predicting the extent of neuro-
logical decline, because the lack of enzyme activity is not
predictive, and the analysis of GAG storage and lysosome
size and number requires invasive techniques.
The fact that our SFC-iPSC-derived neural cultures devel-

oped alterations that recapitulated those seen in patients
prompted us to investigate whether we could detect early
functional alterations predating known pathological signs
of the disease. For this purpose, we used calcium imaging to
analyze neuronal function in patients’ cells. An important
decrease in spontaneous activity of SFC neurons compared
with WT controls was already detected at 3 weeks of differ-
entiation, particularly for the most severe case (SFC6). The
different behavior in SFC6 and SFC7 could be due to the
particular features of their mutations. In this regard, we
have recently showed that the c.372-2G > A mutation,
borne by SFC7, gives rise to a protein lacking 4 amino acids
that has some residual activity (Matos et al., 2014). These
data suggest that the decline of neuronal activity correlates

with the severity of the neurological phenotype observed
in patients.
Moreover, we combined a direct quantification of

neuronal activity with advanced functional connectivity
analyses framed in the context of transfer entropy (TE)
(Stetter et al., 2012). The latter provided evidences for
broad changes in network structure, unraveling extensive
disconnection of neurons, the emergence of a subset of
highly connected cells, and the evolution of the network
toward a disassortative structure. Although the presence
of unconnected neurons is a clear indicator of a dysfunc-
tional network, the existence of assortative or disassorta-
tive traits is not. Indeed, several naturally occurring
networks may fall into one kind or another (Honey et al.,
2007; Pan et al., 2010). Theoretical studies (Schmeltzer
et al., 2014) and experiments in vitro (Teller et al., 2014)
have shown that assortative networks are resilient to attack
since the highly connected nodes shape a core that pre-
serves the functionality of network. In contrast, disassorta-
tive networks are highly vulnerable, since the targeted loss
of the few highly connected nodes may cause network-
wide failure (Newman, 2002). These ideas, translated to
our study, suggest that the affected, disassortative cultures
could completely collapse upon such targeted damage,
making them highly vulnerable networks.
Our results and analyses suggest that the disorder

notably disrupts the topology of the network. In the
context of the patients, these alterations could significantly
affect the normal operation of the brain. Such an aspect is
important in the framework of studies that highlight the
relation between altered network topology upon disease
and the degradation of brain’s operability and cognitive
tasks (Bassett and Bullmore, 2009; van den Heuvel and
Sporns, 2013).
The spontaneous activity of SFC-derived neurons was

recovered after transduction, in the SNM stage, with lenti-
viruses carrying the WT HGSNAT cDNA, and subsequent
differentiation. The lack of recovery at 3 weeks and the par-
tial recovery at 6 weeks contrast with the total recovery at
9 weeks of differentiation. We believe these differences
are due to the fact that LV transduction was around 60%
efficient, which could initially slow down the development
of the network compared with the WT case. At later stages,
we hypothesize that the large fraction of healthy neurons
suffices to foster broad circuit connectivity and, ultimately,
high neuronal activity. We note that the high expression
levels of the transduced cells do not seem to alter their in-
dividual activity. Indeed, the WT-derived cultures overex-
pressing the HGSNAT cDNA did not show any significant
alteration in these properties. However, our results indicate
that the transduced cells do play a role in maintaining
or restoring broad network activity and connectivity.
Thus, we conclude that neuronal network activity and
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development could be reestablished with a therapeutic
approach that rescues only a fraction (though sufficiently
high) of the total neurons. However, GAG storage or lyso-
some appearance by TEM showed only partial reversion
after 9 weeks of differentiation. Whether longer times are
needed for complete reversion of these features, or whether
this is not at all possible, will require further investigation.
The availability of the human cellularmodel described here
provides an excellent tool to investigate this and other
issues.
In summary, the cellular model introduced here

reproduces the major features of the Sanfilippo type
C syndrome, especially specific neuronal traits. We have
demonstrated that most of the phenotypic features of
this neuronal model can be reversed after gene comple-
mentation, using lentiviruses overexpressing the cDNA of
the HGSNAT gene. Moreover, our neuronal model could
be used as a tool to test different possible therapeutic stra-
tegies. This is particularly relevant because no cellular
model was available for Sanfilippo type C syndrome, and
a mouse model has only very recently been developed
(Martins et al., 2015). Our findings prove the usefulness
of iPSC-derived neuronal models to detect early functional
phenotypes that can shed light onto the molecular and
cellular processes that lead to the brain dysfunction in
these patients, as well as providing valuable readouts for
screening of potential therapeutic compounds that pre-
vent, rather than revert, the onset of neurodegeneration.
Moreover, the neuronal activity and effective connectivity
analyses could be applicable to other neurodegenerative
diseases in which iPSC-based models are available, such
as Parkinson’s or Alzheimer’s disease, autism, and others.
Further studies are needed to establish whether this tech-
nique would be able to detect differences in the neuronal
activity or the network structure before the onset of disease.
Such an approach could foster the development of in vivo
analyses for early diagnosis of patients affected by neuro-
logical diseases, as well as their monitoring during poten-
tial treatments.

EXPERIMENTAL PROCEDURES

A complete description of experimental procedures can be found

in Supplemental Experimental Procedures.

Network Reconstruction
Network reconstructionwas carried out by identifying causal influ-

ences between neurons through TE (Schreiber, 2000; Stetter et al.,

2012; Vicente et al., 2011). TE is an information-theoretic measure

that identifies the flow of information between two time traces.

The measure is model free (i.e., it does not require previous knowl-

edge of the dynamics of the system) and is able to detect linear and

non-linear interactions between any pair of traces. In a more

formal description of TE, one considers two signals X and Y (any

two neuronal fluorescence traces in our case), with the goal to

assess the influence of X on Y (X / Y). TE measures the amount

of uncertainty reduced in predicting the future of Y by taking

into account both the pasts of Y and X, rather than the past of Y

alone. Mathematically, this operation can be written as

TEX/Y =
X

P
!
Yt ;Y

k
t ;X

k
t

"
log

 
P
!
Yt jYk

t ;X
k
t

"

P
!
Yt jYk

t

"
!

whereYt denotes the value of Yat time t and Yk
t the past k-th values

of Y. P($) is the probability of observing that particular sequence,

whereas P($j$) is the conditional probability. The sum is performed

over all possible values of Yt ;Yk
t ;X

k
t .

There are different variations of the TE measure depending on

the data under analysis, for example, fMRI (Honey et al., 2007),

magnetoencephalography (Wibral et al., 2011), spike trains (Ito

et al., 2011), or fluorescence data, as in our case. Here we use a

version named GTE (Orlandi et al., 2014; Stetter et al., 2012) that

was specifically developed for neuronal fluorescence signals (see

Stetter et al., 2012, for details).

The analysis of the recorded spontaneous activity traces within

the context of GTE was as follows. We initially computed the first

derivative of the fluorescence trace and the resulting values binned

with n = 2 intervals for TE computation. TE was then applied to all

pairs of neurons in the network. TE assigns a score for every

neuronal pair, but only those pairs with scores above a given signif-

icance level were considered putative connections. Significance

was established by comparing the raw TE scores and the bootstrap-

ped versions (to account for bias) and those obtained by shuffling

the data from only the presynaptic neuron. Bootstrapped versions

were obtained by generating surrogates of the fluorescence data for

every neuronal pair while preserving temporal correlations be-

tween the pairs. For the representative networks, a paired Z test

was performed with the bias-corrected and shuffled scores, and

only those values above the 97.5th percentile (p < 0.002) were

considered putative connections. For the connectivity and assorta-

tivity analysis, only the connections with the top 10% bias-cor-

rected score were considered.

Statistical Analysis
Differences between conditions respect to controls were evaluated

using a Mann-Whitney non-parametric U test, and statistical sig-

nificance was set at p < 0.05, except for the network reconstruction

experiment (see above).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, four figures, three tables, and three movies and can

be found with this article online at http://dx.doi.org/10.1016/j.

stemcr.2015.08.016.
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