
UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL 
INSTITUTO DE CIÊNCIAS BÁSICAS DA SAÚDE 

DEPARTAMENTO DE BIOQUÍMICA PROF. TUISKON DICK 
PROGRAMA DE PÓS-GRADUAÇÃO EM CIÊNCIAS BIOLÓGICAS: 

BIOQUÍMICA 
 

 
 
 
 

 
 

  
 
 
 
 

 
 
 

PARKINSON’S DISEASE: EXPERIMENTAL IN VITRO MODEL VALIDATION 
AND THE POTENTIAL ROLE OF COFILIN-1 IN THE 

PATHOPHYSIOLOGICAL MECHANISMS 

 

 
 
 
 
 
 
 

 
 

FERNANDA MARTINS LOPES 
 
 
 
 
 
 
 
 
 
 
 

 
PORTO ALEGRE, MARCH, 2017 



                                                              PhD thesis  -  Fernanda Martins Lopes   ii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



                                                              PhD thesis  -  Fernanda Martins Lopes   iii 

UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL 
INSTITUTO DE CIÊNCIAS BÁSICAS DA SAÚDE 

DEPARTAMENTO DE BIOQUÍMICA PROF. TUISKON DICK 
PROGRAMA DE PÓS-GRADUAÇÃO EM CIÊNCIAS BIOLÓGICAS: 

BIOQUÍMICA 
 

 
 

 
 
 

 
 
 
 
 
 
 

 
 

PARKINSON’S DISEASE: EXPERIMENTAL IN VITRO MODEL VALIDATION 
AND THE POTENTIAL ROLE OF COFILIN-1 IN THE 

PATHOPHYSIOLOGICAL MECHANISMS 
 

 
 

AUTHOR: FERNANDA MARTINS LOPES 

 
SUPERVISOR: PROF. DR. FÁBIO KLAMT 

 
 
 

Thesis submitted to the 

Postgraduate Program in 

Biological Sciences: 

Biochemistry in fulfilment 

of the requirements for the 

degree of Doctor of 

Philosophy 

 

 

PORTO ALEGRE, MARCH, 2017 



                                                              PhD thesis  -  Fernanda Martins Lopes   iv 

This thesis was carried out in Laboratory of Cellular Biochemistry, 

Biochemistry Department Prof. Tuiskon Dick, Institute of Health Sciences, 

Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil and in the 

Institute of Pharmaceutical Science, King’s College London, London, United 

Kingdom. It was supported by Conselho Nacional de Desenvolvimento Científico 

e Tecnológico (CNPq- Projeto Neurodegenerativas #466989/2014-8), Michael J 

Fox Foundation (Rapid Innovations Awards- #1326-2014) and Coordenação de 

Aperfeiçoamento de Pessoal de Nível Superior (CAPES- Programa de 

Doutorado Sanduíche no Exterior- PDSE/CAPES #14581-13).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                                              PhD thesis  -  Fernanda Martins Lopes   v 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

I dedicate this work to my beloved parents Graça and Leonel 



                                                              PhD thesis  -  Fernanda Martins Lopes   vi 

AGRADECIMENTOS 
 
 

Aos meus pais Graça e Leonel, por tudo! Por todo amor e dedicação, 

por me apoiarem em todos os momentos, por me aconselharem, por “puxarem 

minha orelha”, enfim tudo. Eu tenho muito orgulho de ser filha de vocês! Amo 

vocês dois imensamente! 

Ao meu irmão Cristiano, melhor “adevogado” do mundo, por ser exemplo 

de dedicação e persistência para mim. Vi de perto o quanto tu te esforças para 

conquistar teus objetivos, e isso me inspira muito a correr atrás dos meus. 

Obrigada por sempre mostrar o lado bom das coisas e dizer que tudo vai dar 

certo.  

Aos meus avós maternos Jorge e Anna, aos meus avós paternos, 

Miguel e Catarina, e a toda minha família.  Vocês ajudaram na minha criação 

e sempre me incentivaram a correr atrás dos meus sonhos.   

Ao Povão, meus amigos lindos que o CMPA me deu, pela amizade mais 

pura que alguém pode ter. Obrigada por todo o suporte que vocês me deram 

nos momentos mais difíceis da minha vida e por vibraram com as minhas 

vitórias.     

Às soul sisters, Carolina, Valeska e Giovana, minhas amigas de fé que 

o Lab me deu, pela amizade, pelas risadas durante os experimentos, por 

aguentarem minhas loucuras e por ouvirem minhas composições. Este trabalho 

não ia ser o mesmo sem a presença de vocês!  

À família que fiz em Londres, Thaís, Laura, Tiago, Felipe, Ewelina, 

Emily, Stephanie, Thalita, Simon e Rob por todo o suporte e pela amizade. 

Londres é demais, mas foi 1000000 vezes melhor porque conheci vocês. 



                                                              PhD thesis  -  Fernanda Martins Lopes   vii 

Ao meu cachorro “fofíneo” Otto Warburg Lopes da Motta, por ser um 

companheiraço! Sempre é uma alegria voltar para casa e ser recibida com muita 

festa, amor e carinho!   

Ao meu namorado, Leonardo Lisbôa da Motta. Na verdade, não tenho 

palavras para descrever o quão importante tu és! Por isso, vou deixar o Sir Elton 

John falar por mim: “I hope you don't mind, I hope you don't mind, That I put down 

in words, how wonderful life is while you're in the world.” Te amo demais! 

Aos professores Fabio Klamt e Richard Parsons por todos os 

ensinamentos que foram fundamentais para o andamento desse trabalho, pela 

orientação, e claro, pela amizade.  Ter vocês como orientadores me fizeram 

crescer muito como cientista e pessoa. Obrigada!  

Ao Marco Antônio, fundador e membro único do setor de TI do laboratório 

24, por abrilhantar este trabalho com as tuas ideias. Esta tese ficou muito mais 

rica com as tuas considerações, e de quebra, ganhei um amigo que vou levar 

para o resto da vida.  

Ao Gean, pela ajuda na reta final do doutorado.  

Ao Laboratório 24, Pati, Daia, Lili, Ivi, Lúcia, Jéssica, Gi, Matheus, 

Camila, Maria, Mery, Thaina, Cassio, Ben-Hur, Gabi, Emer, Nathan pelos 

momentos descontraídos no lab! E, claro, ao Departamento de Bioquímica, por 

ter me acolhido muito bem durante esses 10 anos!  

À banca de doutorado, Dr. Diogo Souza, Dr. Rafael Roesler, Dr. Carlos 

Rieder, Dra. Arlete Hilbig, Dra. Liana Fernandez e Dr. Daniel de Souza-Martins 

pelas sugestões e críticas que melhoraram muito esta tese.   

À CAPES, pelas bolsas de doutorado e de doutorado sanduíche.  

Obrigada por tudo, pessoal! Sem vocês, nada disso seria possível! 



                                                              PhD thesis  -  Fernanda Martins Lopes   viii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“The important thing is to never stop questioning” 
 

Albert Einstein 
 



 INDEX 

 

PART I ...............................................................................................................2 

ABSTRACT ................................................................................................... 3 

ABBREVIATIONS .......................................................................................... 5 

1. INTRODUCTION ................................................................................ 7 

1.1 Parkinson’s Disease: an overview..................................................... 7 

1.2 Neuropathological alterations in PD brain ....................................... 11 

1.3 Pathogenesis .................................................................................. 15 

1.4 Rebranding PD ............................................................................... 19 

1.5 The missing pieces of PD’s puzzle: why have we failed to find a 
cure? .................................................................................................... 23 

1.5.1 In vitro experimental model of dopaminergic cells: the use of the 
neuroblastoma cell line SH-SY5Y in PD research ............................. 25 

1.5.2 Cofilin-1 .................................................................................... 26 

2. JUSTIFICATION AND GENEREAL OBJECTIVE .............................. 28 

PART II ............................................................................................................29 

3. RESULTS ......................................................................................... 30 

CHAPTER I .......................................................................................... 31 

Article 1: Mimicking Parkinson’s disease in a plate dish: merits and 
pitfalls of the most used dopaminergic in vitro models. ..................... 32 

Article 2: RA-Differentiation Enhances Dopaminergic Features, 
Changes Redox Parameters and Increases Dopamine Transporter 
Dependency in 6-Hydroxydopamine-Induced-Neurotoxicity in SH-
SY5Y cells ........................................................................................ 73 

CHAPTER II: ........................................................................................ 96 

Book chapter: Cofilin-1 (CFL1) .......................................................... 97 

Article: Cofilin-1 pathway as a major contributor to Parkinson’s Disease 
pathogenesis ...................................................................................104 

Appendix ..........................................................................................151 

PART III ......................................................................................................... 157 

    4.    DISCUSSION ..................................................................................158 

    5.    CONCLUSIONS ..............................................................................180 

    6.    PROSPECTS ..................................................................................181 

        7.    REFERENCES ................................................................................182 

 
 
 
 



                                                              PhD thesis  -  Fernanda Martins Lopes   2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

PART I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 



                                                              PhD thesis  -  Fernanda Martins Lopes   3 

ABSTRACT 
 

The dopaminergic neurodegeneration in the substantia nigra pars 
compacta (SNpc) is responsible for the marked motor impairment observed in 
Parkinson’s disease (PD). However, the molecular mechanisms underlying this 
are not completely understood. Since by the time of diagnosis, 50-70% of the 
dopaminergic neurons of the nigrostriatal pathway have already been 
degenerated, it is difficult to investigate the early-stage events of disease 
pathogenesis.  

Due to inaccessibility of the human brain to study initial pathogenic 
mechanisms of the disease, experimental models have been developed in an 
attempt to elucidate PD etiology and its progression. Nevertheless, PD models 
are a controversial issue in neuroscience research since it is challenging to mimic 
human neuronal complexity. Therefore, the lack of optimal models that recreate 
disease pathology is one of the causes of failure of clinical trials that have 
attempted to find new/better PD therapies. Taking this in consideration, the 
development of more suitable models is necessary to improve our knowledge 
regarding PD etiological mechanisms. Additionally, the understanding of the 
advantages and disadvantages of models already established would also be 
beneficial for PD research, which our group addressed by reviewing this subject. 
Considering this, we chose SH-SY5Y cells as a PD model for our studies. To 
investigate the initial stages of PD-induced neurodegeneration, our work focused 
in the role of cofilin-1, a protein involved in mitochondrial dysfunction caused by 
oxidant-induced-apoptosis, which are two pathogenic processes strongly related 
to PD. Hence, in the thesis, we aimed to validate the use of retinoic-acid-(RA)-
differentiated SH-SY5Y cells as an in vitro model and use it to investigate the 
potential role of cofilin-1 in the initial molecular and cellular mechanisms of PD.  

 Although SH-SY5Y cells are widely used in PD research, their major 
drawback is their lack of important neuronal features, such as low levels of 
proliferation and stellate morphology. On the other hand, SH-SY5Y cells can 
acquire a neuronal phenotype when treated with differentiation agents such as 
RA. Since several protocols have been described, the consequence of which may 
be the discrepancies observed among studies regarding neuronal and 
dopaminergic features. In Chapter I, we aimed to validate a RA-differentiation 
protocol for SH-SY5Y cells previously established by our research group, 
focusing upon characterization of neuronal features and its subsequent response 
to 6-hydroxydopamine (6-OHDA), a toxin widely used to induce dopaminergic 
degeneration. RA-differentiated SH-SY5Y cells have low proliferative rates, a 
pronounced neuronal morphology and high expression of genes related to 
synapse vesicle cycle, dopamine synthesis/degradation, and dopamine 
transporter (DAT). After exploring phenotypic differences between these two 
models, we verified that RA-differentiated cells were more sensitive to 6-OHDA 
toxicity than undifferentiated cells, which could be related to an increase of DAT 
immunocontent. Many lines of evidence have showed that DAT is responsible for 
6-OHDA uptake in vivo. Once inside the neuron, 6-OHDA underwent auto-
oxidation causing a significant increase in oxidative stress. However, toxin uptake 
is not an essential step in undifferentiated SH-SY5Y cells, as auto-oxidation 
occurs extracellularly. We showed here, for the first time, that RA-differentiated 
SH-SY5Y cells can mimic, at least in part, an important mechanism of the 6-
OHDA-induced cell death found in previous in vivo studies. Hence, the cellular 
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model established by our research group presents essential neuronal features, 
being a suitable model for PD research. 

In Chapter II, RA-differentiated SH-SY5Y cells were used as cellular model 
to investigate disease molecular mechanisms, focusing upon cofilin-1. Our 
previous data have shown that oxidation of non-phosphorylate (activated) cofilin-
1 leads to mitochondrial dysfunction and cell death induced by apoptosis in 
tumour cells. Here we found that cofilin-1 played a role in early stages of neuronal 
apoptosis induced by 6-OHDA in our cellular model since cofilin-1 mitochondrial 
translocation precedes organelle dysfunction. Overexpression of wild type CFL1 
resulted in increased sensitivity of SH-SY5Y cells to 6-OHDA-induced neuronal 
cell death.  Furthermore, overexpression of non-oxidizable CFL1 containing Cys-
to-Ala mutations (positions 39, 80 and 139) increased neuronal resistance to this 
toxin, suggesting that oxidation is an important step in 6-OHDA toxicity.  Follow-
up experiments were performed in order to evaluate clinically whether cofilin-1 
pathway proteins content is altered in PD post mortem human brain. Our findings 
showed a significant decrease in p-cofilin-1/cofilin-1 ratio in PD patients, which 
indicates an increase in the amount of activated cofilin-1 available for oxidation. 
Moreover, through principal component analysis, the immunodetection of cofilin-
1 pathway proteins were able to discriminate controls and PD individuals during 
the early-stage of neuropathological changings. Hence, we demonstrated, for the 
first time, a possible role for cofilin-1 in PD pathogenesis and its potential use as 
biomarker.   

Taken together, our data showed that RA-differentiated SH-SY5Y cells 
present terminally-differentiated dopaminergic neuron features, that are essential 
to mimic dopaminergic neurons. By using this cellular model and post mortem 
brain tissue, we also demonstrated a possible role for cofilin-1 in early steps of 
the neurodegeneration process found in PD, which it could impact drug and 
biomarker discovery researches.  
 
 
 
Key words: SH-SY5Y; 6-hydroxydopamine; oxidative stress; mitochondrial 
dysfunction and neurodegeneration. 
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ABBREVIATIONS 
 
PD - Parkinson’s disease 

SNpc - substantia nigra pars compacta 

LB - Lewy bodies 

DA - dopamine 

ST - striatum 

UPDRS - Unified Parkinson’s disease rating scale 

MDS - Movement Disorder Society  

L-DOPA - levodopa 

COMT- catechol-O-methyl transferase 

MAO - monoamine oxidase 

α-SYN - α-synuclein 

Aβ - amyloid β 

UPS - ubiquitin proteasome system 

ROS - reactive oxygen species 
 
CNS - central nervous system 
 
VDAC - voltage-dependent-anion-channel 
 
RBD - rapid eye movement disorder 
 
MPTP - methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
 
6-OHDA - 6-hydroxydopamine 
 
iPSC - induced pluripotent stem cells  
 
TH - tyrosine hydroxylase 
 
DAT - dopamine transporter 
 
RA - retinoic acid 
 
BDNF - Brain-derived neurotrophic factor  
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AD - Alzheimer’s disease 
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1. INTRODUCTION  
 

1.1  Parkinson’s Disease: an overview 
 
 

Parkinson’s disease (PD) is a chronic progressive neurogenerative 

disorder, with an incidence of 8-18 per 100,000 in the total population a year, and 

160 per 100.000 aged 65 years or older (ASCHERIO; SCHWARZSCHILD, 2016; 

HIRTZ et al., 2007). The median onset of this disorder is 60 years and the mean 

duration is 15 years. As this is a chronic disease with long duration, prevalence 

is higher than incidence, which is about 0.3 % worldwide rising to 1% in 

population over 60 and to 3% of those over 80 (LEE; GILBERT, 2016; 

PRINGSHEIM et al., 2014; “WHO | Neurological Disorders: Public Health 

Challenges”, 2012). In Brazil, since PD reports are not compulsory, there is only 

an estimation of the number of the cases of this disorder, which is 200,000 

(BOVOLENTA et al., 2016; “Ministério da Saúde – Portal da Saúde - 

www.saude.gov.br - Principal”, [s.d.]). The number of people affected worldwide 

by the disease is expected to double in the next 20 years as life expectancy 

increases (BARBOSA et al., 2006; DORSEY et al., 2007).  

Epidemiological studies have revealed gender-differences in PD, being 

more common in men than women (1.5-2:1 ratio) (LEE; GILBERT, 2016). Other 

risk factors associated with this disease include traumatic brain injury, 

occupation-related toxin exposure (e.g. farmers exposed to pesticides), 

alcohol/drug abuse (e.g. metamphetamine), diabetes and high cholesterol levels. 

On the other hand, there are a low PD-onset-risk  among smokers, coffee 

drinkers, those taking non-steroidal-anti-inflammatory drugs and physical activity 

(ASCHERIO; SCHWARZSCHILD, 2016; SMITH; DAHODWALA, 2014; 

WIRDEFELDT et al., 2011). The risk and the inverse risk factors are summarized 
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in Figure 1. Although several epidemiological studies that attempt to evaluate a 

PD patient profile, precise risk and protective factors and its causative 

mechanisms remain to be elucidated.  

 

 

Figure 1: The balance of genetic and environmental factors that underlie PD occurrence. Larger 

weights have been used for those factors with stronger epidemiological evidence. TBI=traumatic 
brain injury. PD=Parkinson's disease. CCBs=calcium channel blockers. Image reproduced from 
(ASCHERIO; SCHWARZSCHILD, 2016). 

 
 

PD was first described in 1817 by James Parkinson. In his monograph An 

Essay on the Shaking Palsy, he reported six cases where he observed “an 

involuntary tremulous motion, with lessened muscular power; in parts not in 

action and even when supported; with a propensity to bend the trunk forward, 

and pass from a walking to a running pace” (PARKINSON, 1817).  Despite its 

brilliance, few physicians noticed Parkinson’s work. Only fifty years later, the 

disease would gain wide-spread recognition. The French neurologist Jean-Martin 

Charcot explored Parkinson’s data, where he described the clinical spectrum of 
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the disease. Then, he suggested to reject the earlier designation of the illness 

(Shaking Palsy)  and he was the first one to use the term PD (GOETZ, 2011). 

In 1919, more than 100 years after its discovery, Konstantin Tretiakoff 

examine fifty-four autopsied brains, and observed that PD subjects demonstrated 

damage to the substantia nigra pars compacta (SNpc) compared to non-disease 

controls. Moreover, he also verified that remaining neurons in this area contained 

small spherical structures surrounded by a clear halo. Tretiakoff named them as 

Lewy Bodies (LB), to acknowledge Frederick Lewy, the scientist who first 

described them (TRETIAKOFF, 1919).    

In the early 1960’s Oleh Hornykiewicz and Herbert Ehringer demonstrated 

that dopamine (DA) levels were decreased in the striatum (ST) of PD subjects.  

Later, researchers demonstrated that DA found in the ST arose from neurons 

projecting from the SNpc, compromises the nigrostriatal pathway (BERNHEIMER 

et al., 1973; UHL; HEDREEN; PRICE, 1985).  

The dysfunction of the nigrostriatal pathway causes a marked motor 

impairment. The classical symptoms of PD are: tremor at rest, bradykinesia, 

which is the slowness of movement, rigidity, and postural instability (JANKOVIC; 

POEWE, 2012). As a consequence of the disease progression, motor features 

worsen over time and patients can develop another symptoms, for instance, 

freezing of gait and falls (GREFFARD et al., 2006). It has been estimated that 

motor symptoms develop after 50-70% of dopaminergic neuron degeneration 

(STOESSL, 2007).  

According to United Kingdom PD Society Brain Bank – Clinical Diagnosis 

criteria, the identification of at least two of the classical motor symptoms is 

necessary for a possible diagnosis and three of them for a probable one. To 
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exclude motor cortical/corticospinal and cerebellar disorders, there are some 

exclusion features that need to be considerate, such as a history of repeated 

strokes, encephalitis, cerebral tumours, cerebellar signs, and neuroleptic 

treatment at onset of symptoms (HUGHES et al., 1992). In spite of the many 

efforts to improve clinical diagnosis,  the confirmation of the disease only occurs 

after neuropathological assessment of patient brain at autopsy, where is verified 

the presence of moderate-to-severe neuronal loss in the SNpc (GELB; OLIVER; 

GILMAN, 1999). Due to the lack of available biomarkers, PD early diagnosis is 

still a challenge for neurologists.   

To follow the course of disease progression, the unified Parkinson’s 

disease rating scaled (UPDRS) was created. In 2007, the Movement Disorder 

Society (MDS) developed a new version of the scale termed MDS-UPDRS, which 

can be summarized in four parts: i) Non-motor signs in daily living; ii) motor 

experiences in daily living; iii) motor examination, and iv) motor complications. All 

items have 5 response scores varying from normal (0) to severe (4). Hence, 

higher scores describe an increase in disease severity (GOETZ et al., 2008). 

 After establishing diagnosis and severity, the management of PD begins. 

This decision will be based on the age of the patient, the presence of cognitive 

impairment, additional medical conditions and the wishes of the patient (DAVIE, 

2008). Levodopa (L-DOPA), a DA precursor, is the gold-standard therapy for 

controlling PD symptoms. Also widely used are DA agonists and inhibitors of DA 

degradation (e.g. Catechol-o-methyl-transferase – COMT, monoamine oxidase - 

MAO inhibitors) (JANKOVIC; AGUILAR, 2008; JANKOVIC; POEWE, 2012). 

There are also surgical therapies (e.g. deep brain stimulation) for PD patients 
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who are experiencing decreased effects of medical DA therapy over time 

(KRACK et al., 2003; ZIBETTI et al., 2007) .  

So far, only palliative treatments are available, and there is no cure. 

Although the existing therapies help during the early stages of the disease, the 

benefits  gradually decreases and patients experience several side effects, such 

as  on/off periods, dyskinesia and depression (FRANCO-IBORRA; VILA; 

PERIER, 2015). Hence, the development of new treatments for PD is 

fundamental.  

 

 

1.2  Neuropathological alterations in PD brain 

 
PD is associated with progressive loss of dopaminergic neurons in the 

SNpc, causing decreased DA levels in ST (GIBB, 1991), which is the main cause 

of the motor impairment in PD.  These connections are named the nigrostriatal 

pathway, where the cells bodies of the neurons of the SNpc project their axons 

into the putamen and caudate nucleus, that are basal ganglia areas that 

composes the ST (Figure 2).  

This pathway is involved in movement-influencing signals in the basal 

ganglia, which can be grouped into two: movement-generating direct pathway 

and movement-inhibiting indirect pathway. The first one promotes voluntary 

movements, and the second one inhibits unwanted movements.  Hence, since a 

PD patient have decreased levels of DA in the ST, the direct pathway is inhibited 

and the indirect pathway hyperactivated. This explains the motor symptoms 

found in the disease (MILLER WC, 1988) (Figure 2). 
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Figure 2: Schematic representation of the nigrostriatal pathway (in red). It is composed of 
dopaminergic neurons whose cell bodies are located in the SNpc (arrows). These neurons (thick 
solid red lines) project to the basal ganglia and synapse within the ST (e.g.., putamen and caudate 
nucleus). The photograph demonstrates the normal pigmentation of the SNpc, produced by 
neuromelanin within the dopaminergic neurons in normal subjects. Note the SNpc of a PD patient. 
The normal pigmentation fades as the dopaminergic degeneration progresses. Image reproduced 
from (DAUER; PRZEDBORSKI, 2003).  
 
 
 

As mentioned above, definitive confirmation of the disease requires 

pathological examination at autopsy to evaluate the degree of dopaminergic 

degeneration in SNpc and the presence of LB in the remaining neurons present 

(BETHLEM; HARTOG; W A, 1960).  

A classical LB is a globular eosinophilic inclusion of 8-30 µm in diameter 

in the cell body of degenerating neurons (Figure 3b, c, d). It has a condensed 

core surrounded by a halo of radiating fibrils. These structures are also found in 

the neurites named Lewy neurites (Figure 3a). There are also two other types of 

LB: the cortical and pale bodies. Cortical LBs do not present the obvious halo 

(SAKAMOTO et al., 2002) and pale LBs are rounded, pale and the eosinophilic 

granules lack the eosinophilic core of classic LBs (KANAZAWA et al., 2012).  By 
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that time of their discovery, the major components of the structure were not 

known yet.  

More than a century after their discovery, Spillantini and col. identified a 

strong staining in LB from idiopathic PD with antibodies for α-synuclein (α-SYN) 

(SPILLANTINI et al., 1997). This 140 amino acid protein is encoded by the SNCA 

gene (SPILLANTINI; DIVANE; GOEDERT, 1995) and is widely expressed in the 

brain tissue (JAKES; SPILLANTINI; GOEDERT, 1994).  It comprises three 

domains: (i) N-terminal domain (aa 1-65), (ii) a non-β-amyloid (Aβ) domain (aa 

66-95) and (iii) a C-terminal domain (aa96-140) (JAKES; SPILLANTINI; 

GOEDERT, 1994). It is hypothesized that its major form is either a monomer or 

an α-helix folded tetramer (BURRÉ et al., 2013). Lastly, this protein can be 

degraded by the ubiquitin-proteasome system (UPS) or autophagy-lysosomal 

pathway (SHI et al., 2010). Figure 3 demonstrates a typical α-SYN staining in 

LBs.  

 

 

Figure 3: Representation of typical LB and Lewy neurites a) α-SYN-positive Lewy neurites in the 

SNpc. b) α-SYN-positive LB (arrow) in pigmented nerve cell of the SNpc. c) Two α-SYN-positive 
LB in the cingulate cortex. d) Hematoxylin and eosin-stained section of SNpc with a pigmented 
nerve cell containing a LB. Scale bar for a-d, 10 µm. Image reproduced from (SPILLANTINI et al., 
1997).  
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α-SYN was first described within synaptic vesicles in the presynaptic nerve 

terminal (MAROTEAUX; CAMPANELLI; SCHELLER, 1988), hence it is normal 

physiological function is likely to be associated in neurotransmitter release 

(ALLEN REISH; STANDAERT, 2015). It was demonstrated that this protein 

modulates the stability of neuronal membrane, influences presynaptic signaling, 

and membrane trafficking through vesicular transport (IWAI et al., 1995; WANG; 

HAY, 2015). Its involvement in maintaining the SNARE complex by direct 

interaction with the C-terminus of synaptobrevin suggests that synaptic vesicles 

are likely the functional site for α-SYN where it appears to facilitate vesicle 

docking and fusion in the synaptic vesicle cycle (BURRÉ; SHARMA; SÜDHOF, 

2014). Despite of the extensive studies, its physiological functions are poorly 

understood.  

Mutations in the SNCA gene (POLYMEROPOULOS et al., 1997)  and (or) 

dysfunction of the UPS that degraded this protein (MCNAUGHT; JENNER, 2001) 

can lead to protein malfunction. Monomeric α-SYN is thermodynamically unstable 

and it readily unfolds and subsequently polymerizes in to high-molecular weight 

amyloid fibrils (BALDWIN et al., 2011). Furthermore, its aggregation is possibly 

mediated by the hydrophobic 12 amino acid sequence in the central part of the 

protein in non Aβ component (GIASSON et al., 2001).  

It is hypothesized that overexpression of α-SYN and decrease of its 

degradation results in the formation of dimers, which it may growth by the addition 

of monomers generating oligomers. If the process continues, small amyloid fibrils 

are formed, as summarized in Figure 4. Accumulation of these fibrils are found in 

the LB (COLLA et al., 2012; PEELAERTS; BAEKELANDT, 2016). However, the 

initial mechanisms regarding α-SYN aggregation are still not elucidated.   
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Figure 4: Schematic representation of the α-SYN aggregation process. Monomeric forms of α-
SYN aggregate to form dimers and oligomers that grow into protofibrils and, finally, form mature 
fibrillar structures. Image reproduced from (MARQUES; OUTEIRO, 2012). 
 
 
 
 
 

1.3 Pathogenesis  
 
 

PD was not initially considered a genetic disease, as cases did not seem 

to have a discernible pattern or specific cause, as such it was considered for a 

long time a sporadic disease. However, in 1997, Polymeropulos and colleagues 

identified the first mutation related to PD in the SNCA gene 

(POLYMEROPOULOS et al., 1997). Since then, several genes have been 

associated with this disorder. These genetic discoveries have increased our 

understanding of cellular process that leads to dopaminergic degeneration. To 

date, 24 specific chromosomal loci in the human genome have been found to be 

associated with PD. All of them are termed PARK (to denote their putative link to 

PD), and numbered in chronological order of their identification 

(PARK1, PARK2, PARK3, etc.) (NALLS et al., 2014).  

 The PD-related genes with autosomal-dominant-inheritance are SNCA 

(PARK 1 and 4), LRRK2 (PARK 8) and VPS35 (PARK 17). PARK1 (SNCA) was 

first described in a missense mutation in an Italian family (Ala53Thr) 

(POLYMEROPOULOS et al., 1997). LRRK2 is the most prevalent mutation found 
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in familial PD,  leading to a gain of toxic function linked with an increase in kinase 

activity (ZIMPRICH et al., 2004). The last example of dominant inheritance is 

VPS35, where it may cause  altered vesicle formation and trafficking (ZIMPRICH 

et al., 2011). 

The recessive inheritance comprises 3 genes: Parkin (PARK 2), DJ-1 

(PARK 7) and PINK1 (PARK6). Parkin and PINK 1 mutations have been reported 

to be missense, nonsense or structural mutations (SHIMURA et al., 2000; 

VALENTE et al., 2004). Lastly, DJ-1 was identified as a causative PD gene in two 

consanguineous families of Dutch and Italian origin (BONIFATI et al., 

2003). These types of mutations are strongly associated with early-onset PD.  

Although genetic PD cases have helped to elucidate some cellular 

mechanisms regarding dopaminergic degeneration, it represents just 10 % of the 

total number of PD cases. Several hypotheses regarding the pathogenesis of the 

disease (genetic and sporadic) suggest that the mechanisms underlying 

dopaminergic cell death and LB pathology might be the consequence of oxidative 

stress and mitochondrial dysfunction (FRANCO-IBORRA; VILA; PERIER, 2015).   

The misbalance between reactive oxygen species (ROS) generation and 

antioxidants in the central nervous system (CNS) is widely known in neuroscience 

research. The susceptibility of neuronal cells can be explained by i) the high 

metabolic demand (brain is 2% of total body mass, however it consumes 20-30% 

of inspired oxygen); ii) high levels of polyunsaturated fatty acids and metals; and 

iii) low levels of antioxidants. These three conditions lead to a highly oxidative 

environment, which is prone to oxidative stress (KIM et al., 2015; SULTANA; 

PERLUIGI; ALLAN BUTTERFIELD, 2013).  
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In the dopaminergic system, the most affected system in PD, the high 

concentrations of both iron and DA itself in the SNpc contributes to oxidative 

stress. During DA metabolism, several ROS, such as H2O2, are generated and it 

can react with iron, forming OH.-, a potent oxidant via Fenton reaction (DEXTER 

et al., 1989b; ZECCA et al., 2001).   

Such information leads to an investigation of oxidative stress markers in 

PD brains.  Evidence from post mortem brain analyses showed an increase of 

oxidative damage markers. Lipid peroxidation products malondialdehyde  

(DEXTER et al., 1989a) and 4-hydroxynonenal (YORITAKA et al., 1996) were 

found to be elevated in the SNpc. Additionally, it has been shown that a product 

of  nucleic acid oxidation, 8-hydroxyguanosine,  is elevated in PD brain (ALAM et 

al., 1997). Lastly, the content of oxidized proteins (by carbonylation or 

nitrosylation) is significantly increased in PD (CHOI et al., 2005; MYTHRI et al., 

2011; YORITAKA et al., 1996). With the respect to the antioxidant system, since 

levels of some peroxidases are low in control brains, glutathione play an 

important role in ROS detoxification within the CNS  (KIM et al., 2015; 

MARKLUND, 1981). However, in PD brain, there is a decrease in glutathione 

content, which may contribute to the oxidative stress (SIAN et al., 1994a, 1994b). 

Although substantial evidence points to the presence of oxidative stress in 

PD, it is not clear whether ROS is a primary event or a consequence of other 

cellular dysfunctions. The major source of the oxidative stress is the mitochondria 

mainly via the inhibition of respiration (HALLIWELL, 2006) (Figure 5 summarizes 

this hypothesis.). As neurons are heavily reliant on mitochondrial ATP production 

for the maintenance of ion gradients, axonal transport and synaptic 

neurotransmission, evidence suggests that dysregulation of mitochondrial 
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function plays a critical role in the pathogenesis of PD (CELARDO; MARTINS; 

GANDHI, 2014).  

 

 

Figure 5: Mitochondrial dysfunction and oxidative stress as pathogenic mechanisms of PD. 
Proposed pathogenic scenario induced by complex I deficiency in which DA neuronal death 
results from a self-amplifying cascade of deleterious events that stat at the mitochondria with the 
alteration of oxidative stress phosphorylation and oxidative stress. Both processes lead to 
activation of the programmed cell death machinery. ROS – reactive species; Cyt c- cytochrome 
c. Image reproduced from (PERIER et al., 2007) with modifications.  
 
 
 

Several lines of evidence sustain a link between PD and a dysfunctional 

respiratory chain, in particular a deficit in complex I activity (HATTORI et al., 1991; 

SCHAPIRA et al., 1990b). It was also demonstrated that catalytic subunits of 

complex I derived from PD frontal cortex mitochondria are oxidatively damaged, 

correlating with complex I dysfunction (KEENEY et al., 2006). Moreover, 

diminished activity in complex I has been reported in the post mortem SNpc other 

neuronal and non-neuronal regions, including cortex, skeletal muscles, 

fibroblasts and platelets of PD patients (PARKER; PARKS; SWERDLOW, 2008; 

SCHAPIRA et al., 1990a). Nevertheless, the relevance of complex I inhibition to 

disease pathogenesis remains uncertain. 
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Besides this, there are other important mitochondrial proteins misbalanced 

in PD, such as, the molecular chaperone prohibitin (FERRER et al., 2007), 

complexes II and III (MOISOI et al., 2009; PARKER; PARKS; SWERDLOW, 

2008) and the outer mitochondrial membrane voltage-dependent anion channel 

(VDAC) (CHU et al., 2014). Lastly, it was also verified an impairment of oxidative 

phosphorylation in PD brains (NAVARRO et al., 2009; SCHAPIRA et al., 1989).  

Although there are many lines of evidence showing the pivotal roles of 

oxidative stress and mitochondrial dysfunction, the upstream mechanisms still 

need to be elucidated. 

 

 

1.4  Rebranding PD 

 
Throughout history there have been patients who clearly displayed a wide 

range of symptoms completely unrelated to movement, such as cognitive 

impairment, sleep disorders and autonomic dysfunctions. This questioned the 

classic PD picture as DA-centered motor disease focused in one part of the brain 

(nigrostriatal pathway- basal ganglia).  

Firstly, it was believed that non-motor symptoms were a late manifestation 

of the disease, however strong evidence has demonstrated that these features 

can precede the motor symptoms of PD by 20 years (GAENSLEN et al., 2011; 

PONT-SUNYER et al., 2015; SCHRAG et al., 2014). It is now accepted that PD 

has a premotor (or prodromal) stage, a period where dopaminergic degeneration 

has not begun but there are pathological changes  (POSTUMA et al., 2012), 

which is summarized in Figure 6. Due to this, the MDS has been improving clinical 
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diagnosis by characterizing non-motor symptoms as well (POSTUMA et al., 

2015).  

 

 

 
 
Figure 6: Time-line of PD symptoms onset. Clinical symptoms and time course of PD 
progression. Diagnosis of PD occurs with the onset of motor symptoms (time 0 years) but can be 
preceded by a premotor or prodromal phase of 20 years or more. This prodromal phase is 
characterised by specific non-motor symptoms. Additional non-motor features develop following 
diagnosis and with disease progression, causing clinically significant disability. Axial motor 
symptoms, such as postural instability with frequent falls and freezing of gait, tend to occur in 
advanced disease. Long-term complications of dopaminergic therapy, including fluctuations, 
dyskinesia, and psychosis, also contribute to disability. EDS=excessive daytime sleepiness. 
MCI=mild cognitive impairment. RBD=REM sleep behaviour disorder. Image reproduced from 
(KALIA; LANG, 2016). 
 
 
 
 
 

The best characterized early non-motor features are idiopathic anosmia 

(olfactory dysfunction) (ROSS et al., 2008) and rapid eye movement sleep 

behavior disorders (RBD) (POSTUMA et al., 2009). Additionally, other non-motor 

clinical features has been described, such as depression, anxiety, cognitive 

impairment and autonomic dysfunctions (constipation and urinary difficulties) 

(KHOO et al., 2013; POSTUMA et al., 2012; SAVICA et al., 2009; SHIBA et al., 
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2000). These symptoms usually do not respond to DA therapy, hence there is no 

appropriate management for them. This represents some of the greatest 

challenges to the quality of life for PD patients (CHAUDHURI; SCHAPIRA, 2009).  

Thus the question arises -what kind of pathology can explain a long 

timeline prodromal stage before the onset of motor impairment?-  In 2003, a 

German pathologist named Heiko Braak demonstrated that LB pathology was not 

confined to the  midbrain. He demonstrated that LB and Lewy neurites are 

distributed in different brain areas in a manner which correlates with disease 

progression (BRAAK et al., 2003).  

By using α-SYN immunohistochemistry, Braak undertook an anatomical 

autopsy investigation of 41 cases of PD, and 69 non-PD (but with incidental Lewy 

Bodies) and 58 age-related controls (with no PD diagnosis and no LB inclusions). 

Braak proposed six stages of pathology involving many areas of the brain: stage 

I) peripheral nervous system, olfactory system and medulla; stage II) pons (locus 

ceruleus, posterior raphe nuclei) and spinal cord grey matter; stage III) pons 

(pedunculopontine nucleus), midbrain, basal forebrain and limbic system; stage 

IV) thalamus, temporal and meso cortex; stage V and VI) multiple neocortical 

regions. Figure 7 represents this hypothesis and demonstrates that these stages 

have a rostrocaudal progression. With respect to the correlation with PD 

symptoms, stages 1 and 2 likely correspond with the onset of premotor 

symptoms, stage 3 corresponds to motor features, and stages 4–6 occur with the 

both motor and non-motor symptoms of advanced disease (BRAAK et al., 2003).  
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Figure 7: Braak staging and its correlation with symptoms onset. Cases with α-SYN inclusions 
fall into one of six groups according to the brain regions involved. Progression between groups 
involves additional brain areas and worsening of pathology in previously affected brain regions. 
a) Rostrocaudal progression of the pathological process (arrows). Variable red shading reflects 
the ascending disease process and increasing severity of pathology. b) Stage 1: lesions occur in 
the olfactory bulb, the anterior olfactory nucleus and/or the dorsal motor nuclei of the vagal and 
glossopharyngeal nerves in the brainstem. Stage 2: lesions are observed in the pontine 
tegmentum (locus coeruleus, magnocellular nucleus of the reticular formation, and lower raphe 
nuclei. c) Stages 3 and 4: lesions reach the pedunculopontine, nucleus, the cholinergic 
magnocellular nuclei of the basal forebrain, the pars compacta of the SNpc (stage 3), the 
hypothalamus, portions of the thalamus and, as the first cortical region, the anteromedial temporal 
mesocortex (stage 4). First clinical symptoms of the PD appear during stage 3 or early stage 4. 
d) Stages 5 and 6: lesions reach neocortical high-order association areas (stage 5), followed by 
first-order association areas and primary fields (stage 6).  Image reproduced from (GOEDERT et 
al., 2012) 

 
 
 

 

Recently, another study provided more evidence that PD is not just a 

simple motor disorder by showing that gut bacteria regulates motor dysfunction 

and pathophysiology of the synucleinopathies (SAMPSON et al., 2016). Here  

they tested whether bacteria derived from PD subjects could affect motor function 

using α-SYN overexpressing mouse. For that, they used fecal samples from 

control and PD individuals and transplanted in germ-free-animals. The authors 

demonstrated that PD-derived gut microbiota promoted motor deficits in mice and 

α-SYN aggregation, indicating that there is a specific disease dysbiosis. This data 

corroborates with Braak findings who showed LB pathology in vagus nerve, a 

long projection which connects the gut to the brain (BRAAK et al., 2003).  
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Hence, it has been shown that PD is not a single clinical disorder, but 

rather a heterogeneous group of diseases with various associated pathologies 

and a variable spectrum of clinical symptoms and signs (“Nature Outlook : 

Parkinson’s disease”, [s.d.]). The research progress in PD during the past 20 

years not only indicates that simplistic branding of PD as a movement disorder 

was inappropriate but also that finding early markers of this disorder and better 

therapies are still a challenge. 

 

 

1.5  The missing pieces of PD’s puzzle: why have we failed to find a cure? 
 

 
Although PD was first described 200 years ago, there are still no disease-

modifying therapies. A great number of clinical trials have tested promising 

therapies, however none of them were successful and this is the most important 

unresolved issue in PD management (LANG et al., 2013; LÖHLE, 2010).  

The difficulty in developing new/better therapies for this disease is 

attributed to lack of understanding of PD pathogenesis (ATHAUDA; FOLTYNIE, 

2016; KIEBURTZ; OLANOW, 2015). In spite of the many hypotheses underlying 

dopaminergic degeneration and LB pathology, the precise mechanisms remain 

to be elucidated.  Moreover, recent data demonstrated that the traditional view of 

PD as a simple motor disorder is out-of-date. As mentioned above in Section 1.3, 

this disease cannot be considered as a simple disorder, since many brain areas 

are affected, which it makes it more difficult to understand PD etiology and find a 

suitable therapy.  

Since PD affects only humans, studies into its pathogenesis are difficult to 

perform mainly because inaccessibility of the human brain for studies. Although 
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image analysis contributes to our understanding of PD, they are still very limited 

(MORGEN et al., 2011). To counter-act this, experimental models were 

developed in an attempt to elucidate the initial pathogenic mechanisms 

underlying PD and its progression.   

Animal models are a key part for preclinical research in drug discovery 

(JAGMAG et al., 2015b). As we are the only species that develop 

neurodegenerative disorders, it is necessary to induce the dopaminergic damage 

and/or LB pathology in animal models using genetic or toxin-based approached. 

Genetic models can be produced using molecular biology techniques such as 

gene knockout or overexpression of PD-related genes. Toxin models use 

neurotoxins which accumulates in the SNpc causing dopaminergic damage, e.g.  

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and  6-hydroxydopamine 

(6-OHDA) (BLESA; PRZEDBORSKI, 2014). Even though animal models are 

fundamental for PD research, it is the difficult to evaluate molecular mechanisms 

and translate these findings to humans.  

To circumvent this issue, in vitro models are used (ALBERIO; LOPIANO; 

FASANO, 2012). Here we also use genetic-or-toxin-based in cellular models as 

well. To mimic dopaminergic neuron environment, it is used cell lines, primary 

cultures, organotypic cultures and inducible pluripotent cells (iPSC). 

Unfortunately, to date, there is no optimal in vitro model that recreates precisely 

the dopaminergic environment and PD pathology, which can create bias in PD 

research (FALKENBURGER; SCHULZ, 2006).  

 The lack of suitable models for PD is one of the reasons of the lack of 

understanding of PD pathogenesis. Hence, the development of accurate models 

is necessary to improve our knowledge regarding PD initial etiological 
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mechanisms. This thesis will address this shortfall by validating a retinoic acid 

(RA)-induced differentiated SH-SY5Y cell line as a dopaminergic model for 

studying PD pathogenesis. In order to demonstrate its suitability for such 

research, this thesis also describes studies which use this model to evaluate one 

such potential pathogenic mechanism, focusing in the role cofilin-1, a mediator of 

mitochondrial dysfunction in oxidant-induced-apoptosis.  

   

1.5.1 In vitro experimental model of dopaminergic cells: the use of the 
neuroblastoma cell line SH-SY5Y in PD research  

 
The human neuroblastoma SH-SY5Y cell line is widely used as PD in vitro 

model because it has human origin, it expresses low levels of several 

dopaminergic markers, including tyrosine hydroxylase (TH), dopamine-β-

hydroxylase and the dopamine transporter (DAT) (XIE; HU; LI, 2010). However, 

there are some significant drawbacks of using this model for PD because they 

are considered as immature neuroblasts that proliferate over a long period of time 

in contrast to terminally-differentiated neurons that have low rates of proliferation. 

(LUCHTMAN; SONG, 2010).  

In spite of its tumoral features, SH-SY5Y cells can acquire a neuronal-like 

phenotype when treated with differentiation agents, such as RA, brain-derived 

neurotrophic factor (BDNF) (AGHOLME et al., 2010; PÅHLMAN et al., 1984). 

Upon RA  differentiation, SH-SY5Y cells increase the levels of DA (KORECKA et 

al., 2013; KUME et al., 2008) and changes their morphology by increasing neurite 

outgrowth (CHEUNG et al., 2009; FILOGRANA et al., 2015; LOPES et al., 2010).  

However, the scientific literature present several differentiation protocols, 

which lead to variation among findings regarding neuronal and dopaminergic 

features (AGHOLME et al., 2010; CHEUNG et al., 2009; CONSTANTINESCU et 
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al., 2007; ENCINAS et al., 2000; FILOGRANA et al., 2015; KORECKA et al., 

2013; LOPES et al., 2010). Hence, the validation of the best differentiation 

conditions is a necessary step to use SH-SY5Y as an in vitro model for PD 

research.   

 

1.5.2 Cofilin-1 
 

Cofilin-1 is a highly conserved ubiquitous protein (POPE et al., 2004) that 

mediates actin dynamics (HOTULAINEN et al., 2005; KIUCHI et al., 2007). Due 

to its pivotal importance in cytoskeleton physiology, this protein has a role in 

important biological functions as mitosis, cellular migration and synapses 

formation and function (ABE et al., 1996).   

 Since cofilin-1 is abundant in the brain and is important in synapses 

regulation (HOTULAINEN et al., 2005), it is expected that this protein has 

essential roles in normal neuronal physiology. However, stress conditions (e.g 

oxidative stress) can lead to an excessive expression of active cofilin-1 (non-

phosphorylated form) and to the formation intermolecular bonds in this protein 

between Cys 39 and Cys 147. This can lead to cofilin-1-actin bundles, termed 

“rods”, which sequesters  large amount of total cofilin-1, thus rendering it 

incapable of promoting actin filament disassembly and severing (Figure 8) 

(BERNSTEIN et al., 2012; NISHIDA et al., 1987). In neurodegenerative diseases 

such as PD, neuronal cytoplasmic rods accumulate within neurites, where they 

disrupt synaptic function and are a likely cause of synaptic loss without neuronal 

loss (BERNSTEIN et al., 2006; MINAMIDE et al., 2000).  

 Moreover, cofilin-1 is also involved with neuronal apoptosis. Evidences 

show that amyloid β (Aβ) results in cofilin-1 oxidation, which targets this protein 
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to the mitochondria in hippocampal cell lines leading to organelle dysfunction and 

cell death (Figure 8), suggests a role for cofilin-1 in another neurodegenerative 

disorder: Alzheimer’s disease (AD) (WOO et al., 2015a, 2015b). Furthermore, our 

research group established a key role for cofilin-1 in mitochondrial dysfunction 

and oxidant-induced apoptosis in tumour cells (KLAMT et al., 2009), two 

biological processes considered as the main pathological mechanisms in PD. 

Hence, cofilin-1 may also mediate neurodegeneration in PD. 

  

  

Figure 8: The role of cofilin-1 in AD. Schematic of pathway for the formation of Aβ oligomer-

induced rods in neurons through the β1-integrin receptor. It is hypothesized that the formation of 
intermolecular disulfide bonds in cofilin-1 (leading to rod formation) in response to ROS production 
is competitive with cofilin-1's intramolecular oxidation, which targets it to mitochondria to trigger 
apoptosis. Rods are reversible if REDOX pathways can reduce the ROS levels and thus rods 
may form and disappear many times. It is hypothesized that eventually a large surge in ROS may 
trigger cofilin-1-induced apoptosis occurring later in AD progression. Image reproduced from 
(BAMBURG; BERNSTEIN, 2016) 
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2. JUSTIFICATION AND GENEREAL OBJECTIVE 
 

To date, PD therapy is only palliative, and no disease-modifying therapies 

are available. This makes this disorder a socio-economic burden and a serious 

challenge for the public health system since the number of people affected 

worldwide by the disease is increasing as the life expectancy rises. The main 

reason of the failure of clinical trials for PD therapy is because its pathogenesis 

is not well elucidated, which, consequently, is attributed to the lack of reliable 

experimental models. Here we aimed to address this shortfall by validating RA-

differentiated SH-SY5Y cells as PD experimental in vitro model and use it to 

investigate the molecular and cellular mechanisms of PD, focusing in the role of 

cofilin-1.  
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3. RESULTS  
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CHAPTER I 
 

EXPERIMENTAL IN VITRO MODEL VALIDATION: THE USE OF RETINOIC-
ACID-DIFFERENTIATED SH-SY5Y CELLS IN PARKINSON’S DISEASE 

RESEARCH 
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Article 1: Mimicking Parkinson’s disease in a plate dish: merits and pitfalls of the 
most used dopaminergic in vitro models. 
 
Submitted to: 
 
Journal: NeuroMolecular Medicine 

Impact factor: 3.692 

Qualis-CAPES- CBII: A2 

 

JUSTIFICATION 

The establishment of PD models is a controversial issue for neuroscience 

research because it is a challenge to mimic the progressive dopaminergic 

degeneration in vivo and in vitro, mainly because animal models rarely reproduce 

the full spectrum of the disease, such as symptoms, and in vitro models cannot 

mimic the central nervous system complexity. 

 The limitations of PD experimental models are the main cause of failure in 

PD studies, be they investigation of the basic pathological mechanisms or search 

for new therapeutic compounds. Although in vivo and in vitro models have 

achieved neuroprotection in drug screening research, clinical trials have shown 

little or none efficacy of these molecules. Since this is a major issue in 

neuroscience research, it is necessary not only to develop more suitable models, 

but also to acknowledge the features of the models that are already established. 

Taking into account the great number of reviews regarding the use and the 

characteristics of animal models, no previous study has attempted to 

systematically review the literature to address the essential features necessary 

to establish PD in vitro models, which are widely used in drug screening research. 
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GENERAL OBJECTIVE 

Highlight the importance of dopaminergic in vitro models and show the 

merits and limitations of the most used ones in order to help the researcher in 

choosing the most appropriated for PD studies. 

 

SPECIFIC OBJECTIVES 

➢ Description about how to establish a PD in vitro model;  

➢ Description of dopaminergic neuronal features; 

➢ Demonstrate the advantages and disadvantages of the most used PD in 

vitro models: primary culture, organotypic culture, cell lines and iPSC. 
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Figure 1 
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Figure 2 

 

 



                                                              PhD thesis  -  Fernanda Martins Lopes   73 

Article 2: RA-Differentiation Enhances Dopaminergic Features, Changes Redox 
Parameters and Increases Dopamine Transporter Dependency in 6-
Hydroxydopamine-Induced-Neurotoxicity in SH-SY5Y cells 

 

Accepted for publication in: 

Journal: Neurotoxicity Research  

Doi: 10.1007/512640-106-9699-0 

Impact factor: 3.140 

Qualis-CAPES-CBII: B1 

JUSTIFICATION: 

The human neuroblastoma cell line SH-SY5Y is the most used in vitro PD 

model because not only it expresses the catecholamine synthesis machinery, but 

also it is easy to cultivate when compared with other in vitro models (e.g. iPSCs). 

However, there are some significant drawbacks of using this model for PD since 

they are considered as immature neuroblasts that proliferate over a long period 

of time in contrast to terminally-differentiated neurons that have low rates of 

proliferation. 

In spite of its tumoral features, SH-SY5Y cells can acquire a neuronal-like 

phenotype when treated with differentiation agents, such as RA. However, the 

scientific literature present several protocols, which lead to variation among 

findings regarding neuronal and dopaminergic features. Hence, an understanding 

of the neuronal features of SH-SY5Y cell line in differentiated and undifferentiated 

states would be beneficial for PD research. 

 

GENERAL OBJECTIVE 

Characterization of relevant neuronal features and 6-OHDA response in 

undifferentiated and RA-differentiated SH-SYSY cells.  
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SPECIFIC OBJECTIVES 

➢ Neuronal characterization by neurite outgrowth evaluation, proliferation 

rates and gene expression of cell cycle and synapse vesicle cycle 

networks in undifferentiated and RA-differentiated SH-SY5Y cells; 

➢ Dopaminergic characterization through gene expression of dopaminergic 

synapse network, DA immunoreactivity and DAT immunocontent in 

undifferentiated and RA-differentiated SH-SY5Y cells; 

➢ Investigation of antioxidant gene expression and activities in 

undifferentiated and RA-differentiated SH-SY5Y cells; 

➢ Evaluation of 6-OHDA-induced cell death in undifferentiated and RA-

differentiated SH-SY5Y cells; 

➢ Verification of the role of thiol-reducing agents in 6-OHDA-induced 

cytotoxicity in undifferentiated and RA-differentiated SH-SY5Y cells;   

➢ Evaluation of the role of DAT in 6-OHDA-induced cell death in 

undifferentiated and RA-differentiated SH-SY5Y cells. 
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JUSTIFICATION: 

Cofilin-1 mediates mitochondrial dysfunction in oxidant-induced apoptosis, 

which is thought to be two major pathogenic mechanisms in PD. Although its 

protein expression was found to be increased in PD patient’s lymphocytes, the 

mechanisms by which cofilin-1 may mediate PD neurogenerative processes 

remains to be elucidated. 

 

GENERAL OBJECTIVE 

Demonstrate that cofilin-1 has a key role in the neuronal cell death found 

in PD. 

 

SPECIFIC OBJECTIVES 

➢ Assessment of 6-OHDA-induced cell death (caspase activation, 

mitochondrial dysfunction, ROS production) in RA-differentiated SH-SY5Y 

cells; 

➢ Investigate whether cofilin-1 translocates to the mitochondria in 6-OHDA- 

induced cell death in RA-differentiated SH-SY5Y cells; 



                                                              PhD thesis  -  Fernanda Martins Lopes   105 

➢ Generation of transient genetically-modified cell lines to investigate the 

effects of CFL1 wild type and mutant (non-oxidizable from Cys-Ala) 

overexpressions;  

➢ Evaluation of cofilin-1 immunocontent in post mortem PD brain;  

➢ Investigation whether cofilin-1 pathway proteins levels can discriminate 

controls and PD subjects; 

➢ Analysis of LB pathology as a covariant of cofilin-1 expression.  
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4. DISCUSSION 
 
 PD can be considered a heterogeneous syndrome, because it comprises  

variable symptoms, which manifests differently among patients (MA et al., 2015). 

The multiple and not well elucidated pathogenic mechanisms hamper drug 

discovery of curative therapies. To date, dopaminergic degeneration and LB  

pathology are the only common hallmarks in PD (GIBB, 1991; SPILLANTINI et 

al., 1997), thus there are many studies investigating the upstream mechanisms 

that mediates these two processes (CHU et al., 2014; DEL HOYO et al., 2010; 

YE et al., 2015).  

 Many lines of evidence have attributed the absence of reliable 

experimental PD models as one of the causes of the lack of understanding PD 

etiology (BEAL, 2010; DAUER; PRZEDBORSKI, 2003; JAGMAG et al., 2015b; 

OLANOW; KIEBURTZ; SCHAPIRA, 2009; SCHÜLE; PERA; LANGSTON, 2009). 

Although experimental models are essential for PD research because, at least in 

part, they helped the elucidation of PD pathology, all of them failed to entirely 

replicate the disease. Moreover, the models available are only acute, 

consequently they do not represent accurately the features of PD, a chronic and 

progressive disorder (JAGMAG et al., 2015a). 

 Regarding animal models, none of them is able to recreate dopaminergic 

degeneration, LB  pathology and disease symptomatology (both motor and non-

motor dysfunctions) (PAN-MONTOJO et al., 2010). Even the gold-standard 

model -non-human primates treated with MPTP- failed to reproduce the whole 

spectrum of the disease. Although they developed motor impairment and 

dopaminergic degeneration (LANGSTON; LANGSTON; IRWIN, 1984), they do 

not reproduce the LB pathology and non-motor symptomology (HALLIDAY et al., 
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2009). Genetic models are even more problematic. The majority of genetic 

mutations associated with PD (e.g LRKK2, PINK1, DJ-1) do not present any of 

the features mentioned above, hence it makes it very difficult to measure 

outcomes and disease progression (ANDRES-MATEOS et al., 2009; HINKLE et 

al., 2012; SANCHEZ et al., 2014). Table 1 summarizes the features of the most 

used animal models and describes the PD features found in each of them.  

 

Table 1: Animal models of Parkinson’s disease – Table reproduced from (BLESA; 

PRZEDBORSKI, 2014) 

 

  

 

 The other disadvantage of using animal models are ethical issues, the 

high costs of the animal’s maintenance and the difficulty in translating the findings 

regarding molecular mechanisms to humans. Lastly, its major drawback is related 
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to difficulty in perform drug screening. For these type of studies, a great amount 

of animals is necessary to test a large number drugs and concentrations, which 

increases significantly the costs for this research. (BEZARD et al., 2013; 

BLANDINI; ARMENTERO, 2012).  

 To counter-act this, in vitro models are commonly used in PD research. 

A significant  merit of this type of model is the controlled environment (ALBERIO; 

LOPIANO; FASANO, 2012). Moreover, it is possible to perform  high-through-put 

drug screening by testing several molecules at a variety of concentrations at the 

same time in contrast to animal models (AVIOR; SAGI; BENVENISTY, 2016; 

BEZARD et al., 2013).  

 To perform drug screening, firstly, the cytotoxicity of the compound is 

evaluated by treating the cells with a range of concentrations. The main objective 

of this is to find a non-toxic dose for future experiments. Afterwards, it is verified 

whether these drugs may change cellular physiology (e.g. analysis of cellular 

morphology, enzymatic activity) (CLEMEDSON; KOLMAN; FORSBY, 2007; 

LOPES et al., 2012). Once the effects of the drug are characterized, 

neuroprotection assays are performed. There are many compounds that possess 

a significant neuroprotective effects in PD in vitro models. However, translation 

of these findings into in vivo (pre-clinical) and clinical trials have failed to 

demonstrated the same results.   

 One example of a promising compound for PD therapy was CEP-1347, 

a mixed-lineage kinase inhibitor. This drug was neuroprotective towards 

dopaminergic neurons in vitro (LOTHARIUS et al., 2005; MATHIASEN et al., 

2004) and in vivo (BOLL et al., 2004). As a consequence, reviews regarding PD 

therapy at that time point it out CEP-1347 as a possible candidate for clinical trials 
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(JOHNSTON; BROTCHIE, 2004; WU; FRUCHT, 2005). In spite of the positive 

findings in experimental models, this drug failed to delay disease progression in 

early-stage PD patients (PARKINSON STUDY GROUP PRECEPT 

INVESTIGATORS, 2007).  

 Subsequently,  other molecules were tested, such as creatine (ELM; 

NINDS NET-PD INVESTIGATORS, 2012), PYM50028 (promotes BDNF and 

GDNF release) (“Investigation of Cogane (PYM50028) in Early-stage Parkinson’s 

Disease (CONFIDENT-PD) - Full Text View - ClinicalTrials.gov”, [s.d.]) and MitoQ 

(SNOW et al., 2010). These compounds covered a range of neuroprotective 

mechanisms namely antioxidant properties, mitochondrial bioenergetic 

enhancers and neurotrophin functions, respectively. They were also able to 

protect dopaminergic cells from damage in vitro and in vivo, yet they failed to 

achieve neuroprotection in clinical trials. In fact, the majority of these studies were 

stopped due to low efficacy when compared to placebo.  

 As many clinical trials failed to achieve neuroprotection, reviews about 

this subject aimed to investigate the reasons regarding this issue, one such 

reason is  the lack of reliable PD models (ATHAUDA; FOLTYNIE, 2014; OHLOW 

et al., 2017; OLANOW, 2009; OLANOW; KIEBURTZ; SCHAPIRA, 2008; RADIO; 

MUNDY, 2008). Hence, the development of more suitable models is necessary, 

especially in vitro models because they are the first step of the drug discovery 

research pipeline. Additionally, the understanding of the advantages and 

disadvantages of models already established would also be beneficial for PD 

research, which our research group addressed by reviewing this subject in article 

1 of Chapter I. Since the common pathological pathway of PD is dopaminergic 

degeneration, the focus of the experimental models is mimicking dopaminergic 
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cell environment. There are many ways to obtain DA-producing cells, the most 

used ones are from cell lines, primary and organotypic cultures and iPSC. Hence, 

we listed these 4 most used PD in vitro models and describe their features, 

protocols and accessibility.  

 By reviewing these topics, we chose SH-SY5Y cell line as a model for 

the following reasons. Although, the primary and organotypic cultures are 

excellent models of PD because they are not single-cell-cultures, and can 

recreate, at least in part, the neuronal environment (DAVIAUD et al., 2014; 

GAVEN; MARIN; CLAEYSEN, 2014), they have at least three important pitfalls: 

(i) they are non-human in origin; (ii) the difficulty in isolating dopaminergic cells in 

these cultures, which can affect the reproducibility of the experiments; and (iii) 

the inability or significantly difficulty in performing genetic manipulation 

(WEINERT et al., 2015). 

 To counter-act this, there is an increase of interest in the use of iPSC 

cells models. Their main advantages are their the human origin and the ability to 

obtain these cells directly from a PD patient (JIANG et al., 2012; PU et al., 2012; 

SÁNCHEZ-DANÉS et al., 2012). Phenotypic characterization of terminally-

differentiated neurons derived from iPSCs revealed that they possess high levels 

of DA and high immunocontent of dopaminergic markers (e.g. TH and DAT). 

Moreover, these cells can be genetically modified (HARTFIELD et al., 2014). 

Even though iPSC-derived neurons seem the best way to mimic dopaminergic 

cell features in vitro, there are several ethical issues involving human tissue 

acquisition. Furthermore, the technique to perform dopaminergic differentiation is 

time-consuming (35 days) and requires significant expertise.  
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 Due to these facts, DA-producing cell lines with human origin, such as 

neuroblastoma cell line SH-SY5Y are widely used in PD research (XICOY; 

WIERINGA; MARTENS, 2017b; XIE; HU; LI, 2010), especially because they are 

easy to cultivate when compared to other models. Furthermore, they are excellent 

models for studies that use molecular biology techniques (STUCHBURY; 

MÜNCH, 2010).  

 Nevertheless, there is a major drawback of using this cell line as model, 

because they are immortalized tumor cells, derived from a bone marrow 

metastatic site (GILANY et al., 2008). Although they possess low levels of TH 

and betahydroxylase, they are epithelial cells with high levels of proliferation 

(“www.atcc.org/Products/All/CRL-2266.aspx”, [s.d.]). Hence, the use of cell lines 

such as SH-SY5Y cells in PD research lacks one important feature: neuronal 

physiology and morphology (Figure 9). 

 

 

 Figure 9: Undifferentiated SH-SY5Y cells. Image reproduced from ATCC website.  
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 In mitigation, these drawbacks can be circumvented by differentiation 

protocols (AGHOLME et al., 2010; ENCINAS et al., 2000; PÅHLMAN et al., 

1984). In this context, many studies have tested a myriad of differentiation 

protocols and evaluated whether this process enhances neuronal and 

dopaminergic phenotypes. The results are conflicting and range from those who 

have found no differences between these two models to those which showing 

that one of the models enhances dopaminergic phenotype (CHEUNG et al., 2009; 

FILOGRANA et al., 2015; FORSTER et al., 2016; KORECKA et al., 2013; LOPES 

et al., 2010). 

 A systematic review of the use of SH-SY5Y in PD research provided an 

overview about culture conditions and differentiation protocols. Surprisingly, this 

review demonstrated that the majority of the studies use undifferentiated cells as 

PD model. Additionally, this review verified a great range of differentiation 

protocols, which may contribute to the different findings regarding dopaminergic 

phenotype (XICOY; WIERINGA; MARTENS, 2017b). This reinforces the need of 

standardization of the use of SH-SY5Y cells (Figure 10). 
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Figure 10: Studies reporting the differentiation of the SH-SY5Y cell line for PD-research. Left: 

Proportion of studies that do not use differentiation protocols (no differentiation), those that do not 
specify the differentiation status (unknown) and those that include a differentiation regime 
(differentiation). Among the papers in which differentiated cells were used, the main differentiation 
treatments used are depicted in the right chart, including 10 μM RA, 10 μM RA and reduced fetal 
bovine serum (FBS), other concentrations of RA, 10 μM RA and 50 ng/ml BDNF and 10 μM RA 
and 80nM 12-O-Tetradecanoylphorbol-13-acetate (TPA). Other includes 10 μM RA, 1%FBS and 
0.3 mM dibutyryl-cAMP; 10 μM RA or 10 μg/mL BDNF; 10 μM RA and 80nM TPA or 50 ng/mL 
BDNF; 100 ng/mL of GDF5 or recombinant BMP2; neurobasal media with 6-10nM staurosporine 
or B27 supplement, 2 mM L-glutamine and 10 μM RA; 10 μM RA and 5 μM cAMP; 50 ng/ml 
GDNF; 10 μM RA and 80nM tissue plasminogen activator. Image reproduced from (XICOY; 
WIERINGA; MARTENS, 2017a) 
 

 

 Considering this, we chose the human neuroblastoma cell line SH-SY5Y 

as a PD model to be used for the studies described in this thesis. We aimed to 

validate a differentiation protocol using RA as previously described by our 

research group (LOPES et al., 2010) comparing undifferentiated and RA-

differentiated SH-SY5Y cells regarding neuronal features.  

 There are many studies focusing upon the evaluation of dopaminergic 

phenotype after the differentiation process and the best conditions to acquire this 

feature (CHEUNG et al., 2009; FILOGRANA et al., 2015; FORSTER et al., 2016; 

KORECKA et al., 2013; LOPES et al., 2010). However, a DA-producing cell, it 

does not necessarily need to be a neuron, which is the case of the 

neuroblastomas (e.g. undifferentiated SH-SY5Y cells) (BIEDLER et al., 1978). In 

PD, the most affected cell population is the dopaminergic neurons of the SNpc, 

hence the evaluation of neuronal properties in any in vitro model is fundamental. 

Hence, the second article of Chapter I aimed to evaluate not only the 

dopaminergic markers, but also characterize the neuronal features of the two SH-

SY5Y models.  

 We found that RA-induced-differentiation induced neuronal features by 

increasing expression of genes associated with the synaptic vesicle cycle, 

decreased proliferation rates and increased the number of neurites. This resulted 
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in an enhancement of fundamental neuronal features, namely the molecular 

machinery that supports synapses, cellular growth reduction and stellate 

morphology.  

 Regarding the proliferation status and evaluation of cellular morphology, 

the majority of studies in the literature have reported similar results. Once 

differentiation begins, SH-SY5Y cells decrease their growth and increases the 

number of neurites (CHEUNG et al., 2009; FILOGRANA et al., 2015; KUNZLER 

et al., 2016; LOPES et al., 2010; MILOSO et al., 2004; PRESGRAVES et al., 

2004; ROSS, 1996). The major differences among these studies are those 

regarding the capability of these cells to support synapses.  

 Previous work has demonstrated that RA-differentiated cells have 

increased the number of synaptic vesicles after depolarizing cell via high K+ 

solution (TEPPOLA et al., 2016). Furthermore, it was demonstrated that only RA-

differentiated cells were excitable in cell culture (HALITZCHI; JIANU; 

AMUZESCU, 2015). On the other hand, there are many studies showing that RA-

differentiation has no effect upon neuronal markers and synapse machinery 

(CHEUNG et al., 2009; KORECKA et al., 2013). Here we reported that only RA-

differentiated SH-SY5Y cells have increased the expression of genes related to 

synapse machinery.  

 Moreover, the presence of neurites, which refers to axonal and dendrict 

extensions in neuronal cell lines, are another advantage of this cell model (BAL-

PRICE et al., 2010; RADIO; MUNDY, 2008) (Figure 11). In studies of 

neuroprotection/neurotoxicity screening drug therapies, cell lines are commonly 

used to evaluate cytotoxicity of compounds. By using RA-differentiated SH-SY5Y 
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cells rather the undifferentiated ones, it is possible to analyze one extra feature: 

cellular morphology by neurite quantification.  

 In one example of the importance of evaluating such parameter, a 

previous study from our research group evaluated 9 organoselenide compounds 

regarding neuroprotective features. By assessing drug cytotoxicity through MTT 

assay, we found sublethal doses of each compound to determine whether they 

were neuroprotective against 6-OHDA-induced-cell-death. Even though these 

compounds could protect RA-differentiated-cells from 6-OHDA, some of them 

changed cellular morphology assessed as a reduction in the number of neurites. 

This means that these compounds may be modifying other complex cellular 

processes and ultimately, cellular physiology. Taking these findings in 

consideration, perhaps the failure of previous drug screening approaches using 

cell lines is due to the fact that this physiological feature is not accessible when 

using undifferentiated models. This may be a key contributor to further validate 

candidate therapeutic in animal and clinical trials (LOPES et al., 2012).  

 

 

Figure 11: Morphological changes of undifferentiated and RA-differentiated SH-SY5Y cells. 

Image reproduced from (LOPES et al., 2010).  
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 Since one of the most criticized features of cell lines in PD research is 

the lack of neuronal features, the use of RA-differentiated cells can circumvent 

this issue. The cellular model established by our research group not only 

demonstrates neuronal and dopaminergic features, but also is easy to culture 

and has low costs in terms of finance and time for maintenance compared to 

other cell models. Using our cellular model, we can obtain a terminally-

differentiated human cell within 7 days (Figure 12). 

 

 

Figure 12: Time line showing how many days are necessary to obtain terminally-differentiated 
dopaminergic neurons and the costs of research in each PD cellular model.  
 
 
  

 To fully establish a PD model, it is necessary to induce the disease’s 

pathological evidences. In our study, we choose a toxin-based-model by using 6-

OHA. Hence, after exploring the neuronal features, we investigated how 

undifferentiated and RA-differentiated respond to 6-OHDA toxicity. This 

compound is produced during DA oxidative metabolism and it is present in tissues 

and body fluids in contrast to other toxin-based-models, which use non-

physiologically relevant toxins (e.g. MPTP, rotenone).   Previous data has shown 

an increase of  6-OHDA levels in caudate nucleus (CURTIUS et al., 1974) and 

urine (ANDREW et al., 1993) of PD patients, suggesting that this compound may 
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contribute to disease pathogenesis. However, the mechanisms underlying its 

toxicity remain to be elucidated.  

 Even though the undifferentiated cells have major drawbacks as 

described above, papers published in high-impact journals have used these cells 

to investigate 6-OHDA molecular mechanisms (GOMEZ-LAZARO et al., 2008; 

KARUNAKARAN et al., 2008; SAITO et al., 2007). Although it is well known that 

6-OHDA is taken up by DAT in vivo and in primary cultures (ABAD et al., 1995; 

CERRUTI et al., 1993), this has yet to be shown in SH-SY5Y cells. The 

mechanism of toxicity attributed to this cellular model was extracellular auto-

oxidation followed a massive increase in oxidative stress (IZUMI et al., 2005; 

SOTO-OTERO et al., 2000).  

 However, here we demonstrated that differentiation induces DAT 

dependency in 6-OHDA susceptibility.  Our data suggests, for the first time, the 

role of toxin uptake by DAT in RA-differentiated cells, showing that an easy 

cellular model may mimic an important aspect of the 6-OHDA-induced cell death 

observed in vivo.   

 The data of Chapter I validated the use of RA-different-SH-SY5Y as a 

useful model for PD research. Hence, in Chapter II, it was used to investigate 

disease molecular mechanisms, focusing in cofilin-1, a major regulator of actin 

dynamics (CARLIER; RESSAD; PANTALONI, 1999), that is also involved in 

neurodegeneration process found in AD.  

 Here we demonstrated that cofilin-1 played a role in early stages of 

neuronal apoptosis induced by 6-OHDA in our cellular model because cofilin-1 

mitochondrial translocation precedes mitochondrial dysfunction. Moreover, by 

overexpressing mutant CFL1 gene (Cys - Ala 39, 80, 139), which unables to 
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undergo Cys residue oxidation, the cell death induced by 6-OHDA was 

prevented. This data suggests that cofilin-1 oxidation is an essential step for 6-

OHDA-induced-cell-death as summarized in Figure 13.  

 

 

                  Figure 13: Proposal mechanism of cofilin-1 in 6-OHDA-induced-cell death 

 

 These findings corroborate with previous data from our research group 

which demonstrated that cofilin-1 oxidation was responsible for oxidant-induced 

apoptosis in tumour cells (KLAMT et al., 2009). Additionally, our results correlate 

with those observed in AD (WALSH et al., 2002). Aβ is able to induce cofilin-1 

activation  and consequently translocate to the mitochondria (WOO et al., 2015a).  

This data were validated by measuring cofilin-1 immunocontent in AD brains, 
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which showed an increase of the that total and oxidized cofilin-1 levels (WOO et 

al., 2015b). 

  We also have demonstrated the role of cofilin-1 clinically by investigating 

whether there are changes in cofilin-1 pathway proteins immunocontent in post 

mortem PD brain tissues. Since we found strong evidence that cofilin-1 plays a 

role in early steps of apoptosis in our in vitro model as showed in Figure 13, this 

hampered the use of SNpc as brain region of study. Since we are dealing with 

post mortem tissue, all of PD subjects are end-stage-disease with a high degree 

of dopaminergic degeneration in this area. Thus, considering Braak hypothesis, 

we chose two brain regions without a significant degree of degeneration process. 

Occipital cortex was used mainly because is the last area to be committed by PD 

with pathological changes. The other region chosen was cingulate gyrus, which 

has an earlier involvement with PD and the neuropathological process is 

occurring for longer.  

 To evaluate cofilin-1 pathway immunocontent, a cohort of forty patients 

- 20 PD and 20 non-PD - was obtained from the Queen Square Brain Bank, 

University College London, UK. Cases considered as controls were from 

individuals who had no clinical diagnosis of a neurological or psychiatric disorder 

during life, nor any neuropathological abnormality evidence other than normal 

age-related changes. After assessment to patient records, we listed the following 

exclusion factors to avoid any bias in our study:(i) Braak and Braak stage > 2 

(neurofibrilar tangle-NFT stage), (ii) moderate to severe β-amyloid deposits, (iii) 

brain metastasis, (iv) other neurodegenerative diseases (e.g. AD and argyrophilic 

grain disease), (v) inconclusive diagnosis, (vi) vascular dementia and (vii) 

cerebral infarction. Regarding PD patients, we used the same paradigm as the 
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controls. Moreover, all the PD patients were staged at Braak VI with severe loss 

of dopaminergic neurons in SN and presented similar disease severity. Hence, 

here we attempted to obtain a homogenous cohort because the heterogeneous 

feature of this illness with multiple pathogenic mechanisms and different 

progressions are also considered one of the causes of failure in clinical trials 

(ATHAUDA; FOLTYNIE, 2016).   

 We demonstrated that cofilin-1 is possibly overactivated in PD brain as 

evidenced by a due to a reduction of in the ratio p-cofilin-1/cofilin-1 

(inactive:active) ratio. Since the CNS presents a highly an oxidative environment, 

non-phosphorylate cofilin-1, can undergo to oxidation resulting in mitochondrial 

dysfunction, which as the ratio is skewed towards an increase in non-

phosphorylated in PD brain, may occur to a greater degree than in non-disease 

controls. The clinical data provided in this thesis reinforces that cofilin-1 may have 

a role in PD pathogenesis.   

 Afterwards, we also analyzed all the markers tested (cofilin-1 pathway 

proteins) simultaneously by using principal component analysis. This data 

revealed we could discriminate our cohort’s in two groups (control and PD) only 

in the occipital cortex. According to Braak hypothesis, this area is the last part of 

the brain to be affected by PD.  

 The occipital lobe is strongly related to visual symptoms of PD, such as 

hallucinations and vivid dreams (ARMSTRONG et al., 2011; ZHAO et al., 2014). 

Furthermore, it has been described that PD can cause hypoperfusion (ABE et al., 

2003), atrophy (BURTON et al., 2004) and decrease of cerebral glucose 

metabolism in the occipital cortex (TANG et al., 2016). Regarding the 

neuropathological alterations caused by the disease, although this brain area has 
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a late-involvement with PD, the LB pathology may be in its the early stages. 

Hence, this may explain why it was the only region which cofilin-1 pathway 

proteins content could discriminate controls and PD subjects. This evidence also 

suggests that cofilin-1 may play a role in early steps of degeneration. 

Furthermore, as we could distinguish controls and PD subjects, it is likely that 

cofilin-1 pathway proteins are another target for biomarkers research. 

 Regarding it use as potential biomarker, it has been already reported 

high levels of cofilin-1 in lymphocytes of PD patients, suggesting that the 

immunocontent of this protein can be also misbalanced in peripherical tissues. 

However, more studies using other tissues and body fluids (e.g cerebrospinal 

fluid) are needed to verify whether this protein can be a reliable biomarker.  

 The discovery of new biomarkers that could specifically discriminate 

healthy and PD patients would improve PD diagnosis and management, since 

this disorder is mainly diagnosed once the motor impairments onset. By this time, 

50-70 % of the dopaminergic neurons in the SNpc have already been 

degenerated (STOESSL, 2007).  

 As mentioned before, PD diagnosis is basically clinical and its 

confirmation occurs only after the patient’s death via neuropathological 

examination. Besides, in spite of neurologists’ efforts, it is still very difficult to 

diagnose accurately. New additional complications are the non-motor symptoms, 

which can precede the motor impairment, and have become a novel subject of 

investigation to perform an early PD diagnosis. Some of these symptoms 

comprise constipation, sleep disorder and anosmia. None of them, however, are 

pathognomonic for PD. The clinical description below shows a PD case in 

prodromal phase and describes the problematic issue of diagnosing this disease:  
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“A 78-year-old man presented with a 15-year history of chronic 

constipation.  At age 68, he experienced a near complete loss of his sense of 

smell. Recently, he has developed an unusual sleep disorder, characterized by 

abrupt and at times combative behavior during the night that has resulted in injury 

to his spouse on two separate occasions; he is referred to a sleep disorders clinic”  

Quote reproduced by  (LANGSTON, 2006) 

 

 Because of the inherent difficulties in using clinical outcomes to assess 

early diagnosis, the identification of biomarkers for PD is of paramount 

importance.  Furthermore, these studies would also be beneficial for PD 

management since URPDS scale has inter and intra-rater variability and it is 

difficult to distinguish small changes in disease progression.  In fact, much 

research has been started in attempt to find biomarker to improve diagnosis for 

this disorder, such as PD Marker’s Initiative from Michael J Fox Foundation and 

PD Biomarker Program from National Institutes of Neuropathological Disorders 

and Stroke.   

 One of the most promising biomarkers is α-SYN, since it is a major 

component of LB. Firstly, it was demonstrated that α-SYN is secreted in 

extracellular fluids, as a consequence, it may be detected in peripherical tissues. 

Regarding its capability to distinguish control and PD subjects, it was verified that 

total α-SYN levels in plasma is 3.5-fold higher in PD patients (EL-AGNAF et al., 

2006). In contrast, another study was not able to replicate these findings (LI et 

al., 2007). Using another biological fluid as sample, such as cerebrospinal fluid, 

the outcomes were contradictory as well.  (BORGHI et al., 2000; RIZZO et al., 

2016).   
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 As total levels of α-SYN were not able to distinguish controls and PD 

subjects, current research has been developed the use of oligomeric forms 

(which are the toxic forms) of this protein to increase the specificity in plasma and 

cerebrospinal fluid. The outcomes of several trials showed that by combining 

measurements of different forms of α-SYN, it is possible to observe remarkable 

differences between control and PD subjects.  (EL-AGNAF et al., 2006; LI et al., 

2002; MAJBOUR et al., 2016). To date, in spite of the many studies, α-SYN is 

still not considered as PD biomarker since it needs to be validated in a 

longitudinal and well-controlled study and be compared with other neurological 

illness. Hence, the search for other biomarkers is still a hot topic of investigation 

in the field, which cofilin-1 may be a promising candidate mainly because our 

results indicates an early involvement with the disease. 

 Our most intriguing finding was hints, for the first time, that cofilin-1 is co-

localised with a-SYN in the LBs. Up to the present, although several proteins 

have been identified in the LBs, its precise composition has not been confirmed 

yet. The discovery of α-SYN as major component of LB was a breakthrough in 

PD research. Afterwards, several studies aim to search proteins that could be co-

localised with α-SYN in the LBs, such as Tau, LRRK2, tubulin and Aβ 

(GUERREIRO et al., 2013; ISHIZAWA et al., 2003; LEVERENZ et al., 2007). 

Even though there is no evidence showing the co-localisation of cofilin-1 and α-

SYN, 14-3-3 (KAWAMOTO et al., 2002; UBL et al., 2002), a protein involved in 

cofilin-1 regulation is deposited in LBs (GOHLA; BOKOCH, 2002).   

 14-3-3 proteins are a superfamily homologous proteins (AITKEN, 1995), 

which can exist as monomers or heterodimer (LIU et al., 1995). It is also 

ubiquitously expressed, especially in the human brain (BAXTER et al., 2002). Its 
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physiological function is not well understood, but its neuroprotective effect has 

been shown in previous studies (DING et al., 2015; YACOUBIAN et al., 2010) . 

Besides its localization in LB’s, the levels of phosphorylated isoform were found 

increased in PD brains and PD models (SLONE et al., 2015; WERNER et al., 

2008), suggesting a possible role in this disorder.  

 Regarding its association with cofilin-1 pathway protein, 14-3-3 can 

stabilize phosphorylate cofilin-1 isoform, increase the levels of p-cofilin-1 

(GOHLA; BOKOCH, 2002). Furthermore, Slingshot-1L (SSH-1L), a protein which 

dephosphorylate cofilin-1, can also bind to 14-3-3, hampering SSH-1L activation. 

Additionally, under oxidative stress conditions, 14-3-3 can undergo to oxidation 

and dissociates SSH1-L (KIM; HUANG; BOKOCH, 2009). Taking this into 

account and our results showing a possible activation of cofilin-1 in PD brains, it 

is possible that 14-3-3 may be mediating this process. However, more studies 

are necessary to elucidated these hypotheses.  

  The presence of cofilin-1 in the LB reinforce a possible role for this 

protein in PD pathogenic mechanisms. Besides its potential use as a biomarker, 

cofilin-1 may also be a target for drug discovery, which could impact PD 

management since no disease modifying therapies are available. 

 However, there is a major drawback in using cofilin-1 as drug target to 

treat PD as this protein is involved in essential physiological processes 

(GURNIAK; PERLAS; WITKE, 2005; RACZ; WEINBERG, 2006). On the other 

hand, since our mechanistic data indicates that oxidized cofilin-1 may be 

responsible for neuronal cell death, perhaps targeting this isoform would 

circumvent this problem.  
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 Using Virtual Screening, we found selective ligands to oxidized cofilin-1, 

with low or none specificity for the native form, which the most significant drug 

candidates (with higher binding affinity differences between native and oxidized 

cofilin-1) are Cinacalcet (SeniparTM, MimparaTM), Eletriptan (RelpaxTM, RelertTM), 

Nebivolol (a bisoprolol derivative), Fenoterol (Berotec NTM) and Dydrogesterone 

(DuphastonTM, ispregnenone).  

Further analysis aimed to verify whether these drugs have been used in 

neuroprotective assays or present any interaction with standard PD therapy (e.g 

L-DOPA, DA agonists and MAO and COMT inhibitors) in order to select the most 

promising ones for further studies.  

 Regarding the use of these compounds in neuroprotective studies, only 

Cinacalcet has been tested as therapeutical approach for PD and also have 

been patented as New therapeutic approach for treating this disorder (WO 

2013127918 A1 Deposit form). This drug is calciumimetic widely used 

in  hyperparathyroidism (POON, 2005). In PD studies, the drug is able to 

decrease glutamate toxicity (excitotoxicity) in vitro (WO 2013127918 A1 Deposit 

form), which is one of the hypothetical mechanisms underlying dopaminergic 

degeneration (IZUMI et al., 2009). However, other studies demonstrated that 

glutamate-mediate-neurotoxicity is not responsible for the initial steps, but is a 

secondary effect (AMBROSI; CERRI; BLANDINI, 2014). In addition to this, since 

no other further study has shown any protective effect of Cinacalcet, it is possible 

that this drug has no defensive effect against neurodegeneration. Many lines of 

research have indicated the calcium antagonists, rather the agonists or calcium 

mimetic have a protective effect in PD (SCHUSTER et al., 2009).  

 

https://en.wikipedia.org/wiki/Hyperparathyroidism
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Eleptripan is a serotonin agonist (5HT1 family) (GUPTA et al., 1999), 

used clinically to treat migraine headache since it decreases the swelling of 

brain blood vessels (WILLEMS et al., 1998). Although this compounds has 

never been used in PD therapy or neuroprotective studies, other drugs from the 

class of serotonin agonists (e.g buspirone) are able to decrease L-DOPA-

induced-dyskinesia (LINDENBACH et al., 2015). To date, no study attempt to 

evaluate the mechanism underlying this process and also there is no research 

regarding the use of this class of drug as a disease-modifying-therapy.  

Nebivolol is a  β1 receptor blocker use for hypertension treatment since it 

has a vasodilatory effect (DE BOER; VOORS; VAN VELDHUISEN, 2007). Its 

effect in neuronal cells was demonstrated by one study using neuronal in vitro 

models (SK-N-MC cells) (MANTHEY; GAMERDINGER; BEHL, 2010). However, 

looking at drug interactions with standard PD therapies, it is described that this 

compound interacts with dopamine agonists. This class of drugs can cause 

sleeping disorder, fatigue and impotence. Hence, to decrease these effects 

discontinuation of β1 receptor blocker is recommended (BITNER et al., 2015).  

Fenoterol hydrobromide is a β2 adrenoreceptor agonist used as a 

bronchodilator. There is no study evaluating its neuroprotective effect, however 

other agonists (e.g salmeterol) showed an decrease of neurotoxical effect  in vitro 

by inhibition of lipopolysaccharid-induced microglial activation (PETERSON et 

al., 2014; QIAN et al., 2011). Moreover, no drug interactions with dopamine 

replace therapies have been described.  

Dydrogesterone is a synthetic progestogen, which is used for control of 

ovarian and endometrium functions. Its neuroprotective effects has not been 

investigate yet, but other progesterone group compounds leads to a decrease in 

https://en.wikipedia.org/wiki/Beta_blocker
https://en.wikipedia.org/wiki/Hypertension
https://en.wikipedia.org/wiki/Beta_blocker
https://en.wikipedia.org/wiki/Beta2-adrenergic_agonist
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toxicity in PD models (BOURQUE et al., 2015; LITIM; MORISSETTE; DI PAOLO, 

2016). Additionally, it is widely known that PD is more prevalent in men, hence 

female sexual hormones may have protective effect (SMITH; DAHODWALA, 

2014).  

 After evaluate this information regarding these 5 compounds from virtual 

screening data, 3 drugs (Eleptripan, Fenoterol Hydrobromide, dydrogesterone) 

were selected to be used in future projects. Hence, these data validate the 

relevance of our findings and support the investigation of these compounds as 

possible disease-modifying therapies.  
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5. CONCLUSIONS 
 
 

Our data showed that RA-differentiated SH-SY5Y cells present 

terminally-differentiated neuronal features, such as low proliferation rates, 

stellate morphology and the machinery to support synapses, being a suitable 

model for PD research regarding its pathogenic mechanisms. By using this 

cellular model in concert with post mortem brain tissue, we demonstrated a role 

for cofilin-1 in the early stages of the neurodegeneration process of PD, which 

it can impact biomarker and drug discovery studies.  
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6. PROSPECTS 
 
 

Since we found that cofilin-1 pathway proteins’ immunocontent were able 

to distinguish control and PD subjects (using PCA) during the initial steps of 

degeneration, cofilin-1 may be a potential biomarker for early-stage PD 

diagnosis. Hence, as prospect of this study, we aimed to evaluate the protein 

expression of cofilin-1 pathway proteins in cerebrospinal fluid and peripheral 

tissues in early-diagnosis PD patients.  

Moreover, we also will explore the potential neuroprotective actions of the 

drugs that target oxidized cofilin-1 using RA-differentiated SH-SY5Y as a PD 

cellular model. If we have promising results in vitro, we will also evaluate 

neuroprotection in animal models.  
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