
Dopamine Induced Post-Translational Modifications of
α-Synuclein and the Role of Arsenic in the Development

of Parkinson's Disease and Other Synucleinopathies

Item Type text; Electronic Dissertation

Authors Cholanians, Aram B.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:41:21

Link to Item http://hdl.handle.net/10150/612093

http://hdl.handle.net/10150/612093


 

 

1 
 

DOPAMINE INDUCED POST-TRANSLATIONAL MODIFICATIONS OF 

 -SYNUCLEIN AND THE ROLE OF ARSENIC IN THE DEVELOPMENT OF 

PARKINSON’S DISEASE AND OTHER SYNUCLEINOPATHIES 

 
by 

 
 

Aram B. Cholanians 

 
 

__________________________ 

 
 

A Dissertation Submitted to the Faculty of the 

 

 
DEPARTMENT OF PHARMACOLOGY AND TOXICOLOGY 

 

 
In Partial Fulfillment of the Requirements 

 

For the Degree of 

 

 
DOCTOR OF PHILOSOPHY 

 
 

In the Graduate College 

 

THE UNIVERSITY OF ARIZONA 

 
 

2016 



 

 

2 
 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by Aram B. Cholanians, titled Dopamine Induced Post-Translational Modifications of -

Synuclein and the Role of Arsenic in the Development of Parkinson’s Disease and other 

Synucleinopathies recommend that it be accepted as fulfilling the dissertation requirement for the 

Degree of Doctor of Philosophy. 

 

_____________________________________________________ Date: (04/11/2016) 

Terrence J. Monks    

 

_____________________________________________________ Date: (04/11/2016) 

Serrine S. Lau    

    

_____________________________________________________ Date: (04/11/2016) 

Donna Zhang  

 

_____________________________________________________ Date: (04/11/2016) 

Eli Chapman    

 

_____________________________________________________ Date: (04/11/2016) 

George Tsaprailis    

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission 

of the final copies of the dissertation to the Graduate College.   

I hereby certify that I have read this dissertation prepared under my direction and recommend 

that it be accepted as fulfilling the dissertation requirement. 

 

______________________________________________________          Date: (04/11/2016) 

Dissertation Director:  Terrence J. Monks 

 

 

 

 



 

 

3 
 

STATEMENT BY AUTHOR 

 

This dissertation has been submitted in partial fulfillment of the 

requirements for an advanced degree at the University of Arizona and is 

deposited in the University Library to be made available to borrowers under rules 

of the Library. 

 

Brief quotations from this dissertation are allowable without special 

permission, provided that an accurate acknowledgement of the source is made.  

Requests for permission for extended quotation from or reproduction of this 

manuscript in whole or in part may be granted by the head of the major 

department or the Dean of the Graduate College when in his or her judgment the 

proposed use of the material is in the interests of scholarship.  In all other 

instances, however, permission must be obtained from the author. 

 

 

 

SIGNED: ARAM B. CHOLANIANS 

 

 

 

 

 

 

 

  



 

 

4 
 

ACKNOWLEDGEMENTS 

 

Special thanks to my mentor Dr. Terrence J Monks, and my committee members 

Dr. Serrine S Lau, Dr. Donna Zhang, Dr. Eli Chapman, and Dr. George 

Tsaprailis. 

 

Special Thanks to family and friends who were a great help during the 

dissertation project, specifically Dr. Marina Cholanian, Dr. Tim Miller, Dr. Joseph 

Herndon, Dr. Lucina Lizarraga, Andy Phan, Samantha Andrade, and Bianca 

Reilly. Authors also acknowledge the tremendous help from laboratories of Dr. 

Todd Camenisch, Dr. Donna Zhang, Dr. Eli Chapman, Dr. John Regan, Dr. 

Walter Klimecki, and Dr. Naomi Rance. 

 

 

 

In memory of Dr. Tim Miller 

 

 

 

Dedicated to  

Maksim 

  



 

 

5 
 

TABLE OF CONTENTS 

 

I. LIST OF FIGURES…………………………………………………………7 
II. ABSTRACT……………………………………..………..…………..……..9 

 
III. CHAPTER 1: Introduction.……………………………….……………….11 

Parkinson’s Disease……………………………………………….………12 
Symptoms of Parkinson’s Disease ………………………..…….………14 
Pathological Features of Parkinson’s Disease ………………….……..17 
Etiology of Parkinson’s Disease ………………………….……...……...19 
Genetic Predispositions to Parkinson’s Disease..……………….……..22 
Environmental Factors Influencing Parkinson’s Disease……….……..31 
Synucleinopathies……………………………………………….….……..37 
Dopamine…………………………………………………………………..49 
Vulnerability of Dopaminergic Neurons of SNcp……………………….52 
Environmental Arsenic Exposure and Neurodegenerative Disease…62 
Purpose……………………………………………………………………..66 
 

IV. CHAPTER 2: Dopamine and Levodopa (L-Dopa) Induced Post-

Translational Modifications of -Synuclein…………………….......…...79 
Abstract……………………………………………………………………..80 
Introduction…………………………………………………..……………..82 
Materials and Methods…………………………………………..………..85 
Results……………………………….……………………………………..89 
Discussion……………………………………………………...…………..93 
 

V. CHAPTER 3: Arsenic Induces Accumulation of -Synuclein: 
Implications for Synucleinopathies and Neurodegeneration……...…137 
Abstract……………………………………………………………………138 
Introduction…………………………………………………..……………140 
Materials and Methods……………………………………….………….142 
Results...……………………………………………………….………….149 
Discussion………………...……………………………………...……….153 
 

VI. APPENDIX A: Concurrent Inhibition of Vesicular Monoamine 
Transporter 2 Does Not Protect Against 
3,4-Methylenedioxymethamphetamine (MDMA, Ecstasy) Induced 
Neurotoxicity......................................................................................175 
Abstract……………………………………………………………………176 
Introduction……………………………………………………….…….…178 
Materials and Methods………………………………………...……..….181 
Results………………………………………………………………....….183 
Discussion…………………………………………………………...……188 
 
 



 

 

6 
 

 
VII. CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS………204 

Dopamine, Levodopa, and -Synuclein……………………………..…205 

Arsenic, -Synuclein, and Neurodegeneration..……………………....211 
Is Dopamine One of the Culprits in  
MDMA Induced Neurotoxicity?..........................................................215 
Implications and Summary………………………………………...……219 
 

VIII. APPENDIX B: New Methodology…………………..……………….….223 
 

IX. WORKS CITED…………………………..………………………………227 
  



 

 

7 
 

LIST OF FIGURES 

 

FIGURE 1.1……………………………………………………………………….…………….69 

FIGURE 1.2………………………………………………………….…………………….……71 

FIGURE 1.3……………………………………………………………………………………..73 

FIGURE 1.4……………………………………………………………………………………..75 

FIGURE 1.5……………………………………………………………………………………..77 

 

 
FIGURE 2.1…………………………………………………………………………………...100 

FIGURE 2.2…………………………………………………………………………………...102 

FIGURE 2.3…………………………………………………………………………………...104 

FIGURE 2.4……………………………………………………………………………………106 

FIGURE 2.5…………………………………………………………………………………...108 

FIGURE 2.6……………………………………………………………................................110 

FIGURE 2.7…………………………………………………………………………………...115 

FIGURE 2.8…………………………………………………………..……………………….117 

FIGURE 2.S1………………………………………………………….………………………119 

FIGURE 2.S2………………………………………………………….………………………121 

FIGURE 2.S3………………………………………………………………………………….123 

FIGURE 2.S4………………………………………………………….………………………125 

FIGURE 2.S5………………………………………………………….……………………....127 

FIGURE 2.S6………………………………………………………….………………………129 

FIGURE 2.S7………………………………………………………….………………………131 

FIGURE 2.S8………………………………………………………….………………………133 

FIGURE 2.S9……………………………………………………………………………….…135 

 
FIGURE 3.1…………………………………………………………………………………..160 

FIGURE 3.2…………………………………………………………………………………..162 

FIGURE 3.3…………………………………………………………………………………..164 



 

 

8 
 

FIGURE 3.4………………………………………………………………………………..…166 

FIGURE 3.5…………………………………………………………………………………..168 

FIGURE 3.6…………………………………………………………………………………..170 

FIGURE 3.7…………………………………………………………………………………..172 

 
FIGURE A.1……………………………………………………………..………………….....195 

FIGURE A.2……………………………………………………………………………………197 

FIGURE A.3……………………………………………………………………………………199 

FIGURE A.4……………………………………………………………………………………202 

 
FIGURE B.1……………………………………………………………………………………225 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

9 
 

Abstract: 

Synucleinopathies are a family of neurodegenerative diseases, with the 

distinctive pathological feature of Lewy bodies, which include Parkinson’s disease.  

Lewy bodies are intracellular inclusions filled with -synuclein, a small neuronal 

protein with prion-like properties. The main function of -synuclein is not fully 

understood, however, it plays a major role in disease progression. Dopamine 

interactions with -synuclein have also been implicated in the progression of 

Parkinson’s disease. Dopamine crosslinks -synuclein and causes generation of 

toxic oligomeric species of the protein. Little is known about dopamine--synuclein 

adducts, and one section of the current dissertation focuses on dopamine, 

levodopa, and -synuclein interactions. Studies detailed herein demonstrated that 

lysine residues on -synuclein have an essential role in the dopamine-induced 

oligomer formation. Evidence is also presented showing that removal of one of the 

reactive sites on dopamine by N-acetylcysteine and/or glutathione inhibits 

dopamine-induced oligomer formation, although the dopamine thiol-conjugates 

still bind to -synuclein. In contrast, thiol-conjugates of the dopamine precursor 

levodopa, significantly increase -synuclein oligomer formation.  The data 

demonstrate the importance of the scavenging of dopamine and levodopa 

quinones by N-acetylcysteine and glutathione, and the subsequent changes in the 

interaction with -synuclein and its oligomeric states. 

Environmental factors are key players in the development of 

synucleinopathies. Although arsenic pesticide exposure has been linked to 

elevated risk of Parkinson’s disease, there is a paucity of information on arsenic-
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induced pathological changes, which may be attributed to the onset of 

neurodegenerative processes. SH-SY5Y cells exposed to environmentally 

relevant levels of arsenic for 72 hours, develop -synuclein oligomers and 

exhibitaugmented expression of stress markers. Thus, there is an increase in 

autophagy markers and other stress markers, including the accumulation and co-

localization of LC3, major autophagy marker, and -synuclein. Animals transiently 

exposed to arsenic through drinking water for 2 or 5 weeks, exhibited pathological 

features resembling synucleinopathies. Although animals were exposed at two-

months of age and remained exposure free up to geriatric age (18 months), they 

still exhibited accumulation of -synuclein and elevations in autophagy markers. 

The results demonstrated how even a short period of exposure to a toxicant can 

have detrimental neurological effects, which may contribute to the development of 

neurodegenerative disease years after exposure.   
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-Synuclein, Dopamine, Arsenic, and 

Parkinson’s Disease 
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Parkinson’s Disease 

Parkinson’s disease is the second most common neurodegenerative 

disorder, after Alzheimer’s disease. The first documented description of 

Parkinson’s disease was published in 1817 by James Parkinson in an article titled 

“An Essay on the Shaking Palsy”. The purpose of the essay was to educate the 

medical community about the disease and further higher scrutiny of the disease 

and underlying causes (Parkinson, 2002). Unfortunately for Dr. Parkinson, the 

essay went unrecognized, due to the fact that medical doctors at the time were 

lacking any treatment options, thus, leaving patients with Parkinson’s disease 

untreated. The essay was rediscovered and recognized at the end of the 19th - 

beginning of the 20th century, with appropriate credit afforded to James Parkinson 

as the disease was deservingly named after him (Donaldson, 2015). 

The main cause of Parkinson’s disease is the loss of dopaminergic neurons 

in the Substantia Nigra pars compacta. The disease can be separated into four 

classifications: 1) Primary Parkinsonism, also known as idiopathic Parkinson’s 

disease, with unknown underlying mechanism of disease generation; 2) 

Secondary or acquired Parkinsonism, which is toxin-induced Parkinson’s disease; 

3) Hereditary Parkinsonism, with gene mutations as the underlying cause, and 4) 

Parkinson-plus syndromes, which are a larger family of diseases with Parkinsonian 

symptoms, with hereditary and sporadic cause; which include synucleinopathies 

and taupathies (Jankovic, 2008a). This classification is not concrete, since 

synucleinopathies are considered a larger family of diseases, which include 

Parkinson’s disease, Dementia with Lewy bodies and Multiple System Atrophy; all 
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together being recently recognized as prion-like disorders (Herva and Spillantini, 

2015). The most recognized symptoms of Parkinson’s disease are pronounced 

motor dysfunction, resting tremor, rigidity, dyskinesia and slowness of movements, 

which manifest themselves after loss of more than 60% of dopaminergic neurons 

(Jankovic, 2008a). However, widely unrecognized behavioral symptoms appear 

decades earlier, which include sensory deficits, cognitive issues, and sleep 

disturbances.  

The behavioral symptoms become attributed to Parkinson’s disease only 

after diagnosis of the motor symptoms, due to difficulties in diagnostic processes 

and guidelines (Postuma et al., 2012). Parkinson’s disease is considered the 14th 

leading cause of death in the United States per National Vital Statistics Reports 

(Murphy et al., 2016). However, due the reclassification procedures of the ranking 

system, this may change. Currently, Parkinson’s disease is not considered a fatal 

disorder by the medical community, and most likely will be removed from the 

National Vital Statistics Reports as a cause of death. The central cause of death 

from Parkinson’s disease is due to worsening of the primary symptoms, which 

eventually lead to secondary symptoms and death (Poewe, 2006). For example, 

difficulty in swallowing can lead to pneumonia or other serious pulmonary side 

effects, causing death. Death from pneumonia occurs in 45% of Idiopathic 

Parkinson’s patients, however, only 2/3 cases report the cause of death as 

pneumonia the remainder being wrongfully attributed to Parkinson’s disease 

(Pennington et al., 2010). Similarly, deaths from fall injuries, brought upon by 

severe deficits in motor function and freezing are incorrectly attributed to 
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Parkinson’s disease. Thus, Parkinson’s disease is not a direct cause of death, yet 

symptoms may lead to secondary complications and eventually death. Although 

Parkinson’s disease increases mortality rates, patients who are under regular 

specialist care do not have lower life expectancy compared to the general 

population (Diem-Zangerl et al., 2009). 

 

Symptoms of Parkinson’s Disease 

Clinical features of Parkinsonism can be classified as non-motor and motor. 

All clinical features vary from patient to patient; due to vast differences in life style 

choices; activity level, occupation, education, diet, and overall health (Kalia and 

Lang, 2015). Motor symptoms of Parkinson’s disease are bradykinesia, tremor, 

rigidity, postural instability/deformity, and freezing. 

 

Motor Symptoms 

Bradykinesia, slowness of movement also known as Akinesia, which arises 

from difficulties in initiating and executing fine movement is the dominant 

Parkinsonian symptom. Early on, in disease progression, symptoms manifest as 

slowness of daily activities and decreases in reaction times in tasks that require 

fine movement (Berardelli et al., 2001). Symptoms also include loss of 

spontaneous movement, loss of facial gesturing and impaired swallowing, which 

manifest itself years before other symptoms such as increase in drooling (Bagheri 

et al., 1999). The degree of bradykinesia highly correlates with decreases in 
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dopamine levels and a reduced number in population of dopaminergic neurons in 

the substantia nigra (Vingerhoets et al., 1997,Ross et al., 2004). Neuropathological 

assessment of Parkinson’s disease confirms the strong positive correlation 

between the loss of dopaminergic neurons in the ventrolateral area of the 

substantia nigra pars compacta with intensity of bradykinesia and tremor (Dickson 

et al., 2009). 

Resting tremor, “pill rolling”, is the most recognizable Parkinson’s disease 

symptom, which occurs in 100% of the patients at some point during the disease 

progression, with post-mortem autopsy confirmation of the disease (Rajput et al., 

1991). The tremor onset typically occurs between the ages of 55 and 75, with a 

frequency of 4-6 Hz, which is distinct from essential tremor (Kalia and Lang, 2015), 

which is considered a risk factor for Parkinson’s disease (Shahed and Jankovic, 

2007). The resting tremor in extremities is asymmetric in the early stages, with 

spreading to the contralateral side in the later stages of the disease. The tremor 

can be decreased and partially controlled during mental concentration, voluntary 

movement, and it disappears during sleep. Postural tremor, or re-emergent tremor, 

is another type of resting tremor, which happens with the same frequency in 

Parkinson’s patients, and has a higher negative impact on quality of life, since it 

cannot be controlled (Hallett, 2012). 

Rigidity in Parkinson’s disease manifests as stiffness and inability to initiate 

movement, both of which are due to increased tremor and muscle tone. The rigidity 

is associated with pain, and it can be uniform or asymmetric, initially visible in the 

neck and the shoulders of the patients (Jankovic, 2008a). The rigidity of different 
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areas, eventually leads to postural deformities and instability. These deformities 

occur in the late stages of the disease and include flexed neck, elbows and knees, 

resulting in characteristic Parkinsonian gait (Factor et al., 2011). Similar to other 

symptoms, the underlying cause of rigidity, postural deformities, and freezing is 

the decrease in dopamine levels and loss of dopaminergic neurons of the 

substantia nigra (Pikstra et al., 2016). 

Freezing is a form of akinesia, which is not a universal symptom of 

Parkinson’s disease, but is one of the most debilitating symptoms. The majority of 

falls and injuries in Parkinson’s patients occur as a result of sudden freezing, which 

can appear unexpectedly during walking or movement. Typically freezing appears 

in later stages of the disease, and may be one of the underlying causes of 

secondary symptoms (falling, choking) that lead to death in Parkinson’s disease 

(Factor et al., 2011,Kalia and Lang, 2015). As time progresses, many of the 

symptoms become therapy-resistant, increasing disability rates and the need for 

professional care (Diem-Zangerl et al., 2009). 

 

Non-Motor Symptoms 

Unlike motor symptoms of Parkinson’s disease, which are the main criteria 

at the time of diagnosis, non-motor symptoms of the disease emerge decades 

before the patient is officially diagnosed with a disease.  Initial symptoms include 

constipation, excessive daytime sleepiness, hyposmia (reduced olfaction), 

depression, REM sleep disorder, and speech impairments. The initial symptoms 
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go undiagnosed since they can be attributed to other factors and occur years 

before actual Parkinson’s diagnosis (Postuma et al., 2012). As the disease 

progresses, the non-motor symptoms become progressively worse, and begin to 

severely affect the overall quality of life. During early stages of the disease, usually 

after diagnosis, in addition to described non-motor symptoms, there is mild 

cognitive impairment, pain, fatigue and eventually autonomic nervous system 

impairments; urinary symptoms, orthostatic hypotension, and dementia appear in 

the late stages of the disease (Kalia and Lang, 2015,Caballol et al., 2007). 

The International Parkinson and Movement Disorder Society has recently 

proposed three stages of Parkinson’s disease that will improve diagnostic criteria 

in order to identify the disease earlier allowing for the better intervention: 1) 

Preclinical Parkinson’s; neurodegeneration with no visible symptoms (non-motor 

and motor), 2) prodromal Parkinson’s: visible non-motor symptoms, and to a lesser 

extent motor symptoms which are insufficient for diagnosis, and 3) clinical 

Parkinson’s, with symptoms sufficient for a full diagnosis (Berg et al., 

2015,Postuma et al., 2015). 

 

Pathological Features of Parkinson’s Disease 

The main pathological feature of Parkinson’s disease is the loss of 

dopaminergic neurons of the substantia nigra pars compacta, specifically in the 

ventrolateral area (Dickson et al., 2009). Furthermore, there are disturbances in all 

the five major pathways that play a role in basal ganglia connections, which explain 
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many symptoms of Parkinson’s disease (Obeso et al., 2008). Death of the 

dopaminergic neurons is visible to the naked eye in a brain slice, as reductions in 

neuromelanin containing cells in substantia nigra are dramatic and obvious. Many 

of the surviving cells usually contain Lewy bodies, the main hallmark of Parkinson’s 

disease (Postuma et al., 2012). Lewy bodies are intracellular inclusions, 

aggrosomes, which are initially formed around protein aggregates for cellular 

protection (Tanaka et al., 2004a). As the disease progresses these aggrosomes 

become larger in size and are named Lewy bodies after their discoverer, Fredric 

Lewy. Initially, Lewy-like pathology appears at the asymptomatic stage of the 

disease in the periphery; peripheral mucosa and enteric nervous system. From 

here they spread to the central nervous system via the vagus nerve and olfactory 

nerves. The spread then continues towards the olfactory bulb, medulla oblongata 

and pontine tegmentum. As the disease progresses, Lewy bodies become 

apparent in the substantia nigra, basal ganglia and eventually spread to the cortex 

(Braak et al., 2003). In addition to Lewy bodies, Lewy neurites, abnormal granular 

neurites, also accumulate progressively during the disease in a similar fashion to 

Lewy bodies (Spillantini et al., 1998). The main component of the protein 

aggregates in Lewy bodies and neurites are -synuclein oligomers, aggregates 

and fibrils.  -Synuclein is a small neuronal protein with prion like properties, giving 

the name synucleinopathies to a larger number of diseases including Parkinson’s 

disease. 
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Etiology of Parkinson’s Disease 

Parkinson’s disease is a highly complex disease, with age, sex, genetic and 

environmental factors playing a role in shaping the development and progression 

of the disease. Numerous potential causes of the disease have been proposed, 

and although it’s multifactorial nature makes it difficult to pinpoint the exact cause 

in any specific case, it also provides an opportunity for intervention at different 

levels. Furthermore, as the ageing population in the United States continues to 

grow and is expected to triple over the next 50 years, it is important to understand 

all the aspects of this disease from an etiological point of view. The next section 

discusses the epidemiologic evidence for Parkinson’s disease.  

 

Age 

Increasing age of an individual is the single factor that unequivocally 

correlates with elevated risk of developing Parkinson’s disease. This notion holds 

true for all races, sex, and geographic location. Interestingly, this increase is 

particularly pronounced in the period between 50 and 80 years of age, with only 

about 10 newly diagnosed cases per 100,000 at the age of 50 and at least 200 

cases per 100,000 at the age of 80 (Tanner and Aston, 2000). Despite the fact that 

Parkinson’s disease is positively correlated with ageing, it appears that the age-

related death of striatal dopaminergic neurons, as well as the distribution of cell 

loss, is dramatically different in Parkinson’s disease compared to normally ageing 

individuals (Fearnley and Lees, 1991,Gibb and Lees, 1991). One can argue that 
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at least one age-related mechanism involves an accumulation of repetitive and 

chronic exposure to environmental toxicants combined with an age-related 

decrease in biological ability to compensate for these insults on dopaminergic 

striatal system, although consensus is lacking. While most individuals experience 

a gradual loss of nigral dopaminergic neurons with age, not all develop Parkinson’s 

disease.  

 

Geography 

Is Parkinson’s disease a disease of the developed or developing countries 

of the world? The estimates of the prevalence of Parkinson’s disease vary across 

geographic locations, although the differences in diagnostic criteria and 

assessment methods make it difficult to measure reliably; for example, only 31 

cases per 100,000 individuals in Libya compared to 657 cases per 100,000 in 

Argentina (Tanner and Ben-Shlomo, 1999). The geographical differences in 

Parkinson’s disease incidence can be attributed to genetic differences to disease 

susceptibility, environmental exposure to the local toxicants, including pesticides, 

as well as differences in the local diet.  

 

Gender 

Interestingly, the incidence of Parkinson’s disease is twice as common in 

males than age-matched females. This phenomenon is observed across various 

geographic locations and race (Baldereschi et al., 2000). It is not clear whether 
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such an increased risk in men is biological in nature, e.g. due to the influence of 

steroid hormones or X-chromosome variations, or a result of male-specific cultural 

differences, including the choice of occupation which may lead to higher exposure 

to environmental toxicants. In animal models of Parkinson’s disease, lifetime 

exposure to estrogen, exerts neuroprotective effects on the nigrostratal 

dopaminergic system (Litim et al., 2015,Morissette et al., 2008). Likewise, another 

female gonadal steroid, progesterone, has been shown to be protective against 

dopaminergic neuronal death in MPTP-treated mice (Bourque et al., 2009), 

regardless of gender, being effective in male mice (Bourque et al., 2015). 

Furthermore, human studies suggest that women tend to have a greater activity of 

the striatal dopamine transporter, making them less susceptible to developing 

Parkinson’s disease (Lee et al., 2015). Combined, these data suggest a biological 

mechanism for a decreased risk of developing Parkinson’s disease in women; yet, 

it is not as simple as hormone replacement therapy, as the most recent meta-

analysis does not support the protective role of as hormone replacement therapy 

in Parkinson’s disease in females (Wang et al., 2014).  

 

Race 

It appears that Parkinson’s disease is more common in Caucasian 

populations. The precise mechanism for this observation is not clear, but 

preliminary evidence suggests the extent of melanin pigmentation as a risk factor, 

with lighter skin color associated with increased abnormalities in substantia nigra 
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(Rumpf et al., 2015). In support of this view, increased co-occurrence of melanoma 

and Parkinson’s disease has been observed in a large study (38,641 men and 

93,661 women) of individuals with different shades of natural hair color. It 

appeared that the risk of both Parkinson’s disease and melanoma significantly 

increased in individuals with less black melanin pigmentation, and with more red 

pheomelanin pigmentation, with the most affected population of individuals being 

those with naturally red hair (Gao et al., 2009). In general, individuals with 

Parkinson’s disease have a decreased incidence of all cancers, with malignant 

melanoma and breast cancer being the only exceptions (Disse et al., 2016), with 

unusually high incidence among Parkinson’s disease patients.  

 

Genetic Predispositions to Parkinson’s Disease 

Parkinson’s disease is a complex, multifactorial neurological disorder with 

no single nucleotide polymorphism known to definitively cause the disease. 

Approximately one and a half million Americans currently suffer from Parkinson’s 

disease, with about 50,000 newly diagnosed patients each year. As the ageing 

population continues to grow, this number is expected to rise. The heritability of 

Parkinson’s disease is not very high, as it is estimated that only 27% is attributed 

to genetics in Europeans. Yet, there are several genetic risk factors, including 

mutations in LRRK2, GBA, SNCA, MAPT, PARK 2, PARK16, BST1, DGKQ, and 

STK39.  

LRRK2 
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Leucine-rich repeat kinase 2 (LRRK2), also known as dardarin, is encoded 

by the PARK8 gene in the human and mutations in this gene are associated with 

the highest risk of developing Parkinson’s disease (Schapira, 2006). Specifically, 

the single amino acid substitution G2019S in PARK8 is associated with developing 

a familial form of Parkinson’s disease in Europeans (Gilks et al., 2005,Healy et al., 

2008,Klein et al., 2007). This specific amino acid substitution is identified in up to 

40% of cases of familial Parkinson’s disease and is consistently associated with 

increased kinase activity (Esteves et al., 2014).  

Given the abundant expression of LRRK2 in human brain areas that are 

heavily innervated by dopaminergic projections, including the striatum, one can 

expect that this protein plays a major role in etiology of Parkinson’s disease 

(Higashi et al., 2007). The function of LRRK2 in the cell is multifunctional, as this 

large (2,527 amino acids, 285 kDa) protein is present both in the cytoplasm and in 

the mitochondrial outer membrane, and possesses both kinase and GTPase 

enzymatic domains (Greggio and Cookson, 2009,Greggio et al., 2009). Such 

functions include, but are not limited to autophagic processes, mitochondrial 

function/dynamics, and microtubule/cytoskeleton dynamics (Esteves and 

Cardoso, 2016). Interestingly, LRRK2 interacts with a variety of other proteins that 

are implicated in Parkinson’s disease, including -synuclein, tau, and - and -

tubulin (Esteves and Cardoso, 2016). Specifically, it phosphorylates -tubulin and 

tau, thus, participating in the stability of microtubules (Kawakami et al., 2012,Law 

et al., 2014). 
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In animal and cell models of Parkinson’s disease where LRRK2 mutations 

are induced, there is gradual simplification of the dendritic architecture (Friedman 

et al., 2012,MacLeod et al., 2006) which in part is attributed to induction of 

macroautophagy (Gomez-Suaga et al., 2012,Plowey et al., 2008). Furthermore, 

the most common Parkinson’s disease-associated mutation in LRRK2, G2019S, 

is also associated with impaired mitochondrial function and morphology. The 

abnormal phenotype includes substantial increases in mitochondrial membrane 

potential, ATP levels, and elongation and interconnectivity (Mortiboys et al., 2010). 

Finally, loss of normal LRRK2 function results in a dramatic increase in 

accumulation and aggregation of -synuclein and other ubiquitinated proteins, as 

well as altered levels of LC3II and p62. Combined, these data suggest a major 

impairment of the lysosomal/autophagocytic pathway in LRRK2 mutants (Tong et 

al., 2012).   

 

GBA 

The human GBA gene encodes glucosylceramidase (lysosomal hydrolase 

glycocerebrosidase), an enzyme that catalyzes hydrolysis of O- and S-glycosyl 

compounds (Vaccaro et al., 1985). In addition to an increased risk of developing 

Parkinson’s disease in individuals carrying mutations in GBA, it is also associated 

with earlier onset of the disease (Nichols et al., 2009,Sidransky et al., 2009). GBA 

mutations that are associated with development of Parkinson’s disease all result 

in reduced enzymatic activity. This reduction in glycocerebrosidase activity leads 
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to elevated levels of -synuclein accumulation and propagation of aggregates, 

which in turn feedback to inhibit glycocerebrosidase activity even further 

(Barkhuizen et al., 2016). The interaction between glycocerebrosidase and -

synuclein is location and pH dependent. Membrane-bound -synuclein interacts 

and forms a complex with glycocerebrosidase, inhibiting its function, with complex 

formation occuring at lysosomal pH (~pH5) (Gruschus, 2015,Yap et al., 2013,Yap 

et al., 2015).  

Under normal conditions, glycocerebrosidase binds and partially inserts 

itself into the membrane lipid bilayer; however, an interaction with membrane-

bound -synuclein displaces glycocerebrosidase from the membrane, inhibiting its 

activity. This interaction also results in the pulling helical residues of -synuclein 

away from the lipid bilayer of membrane, which in turn impairs the lysosomal 

degradation of -synuclein (Yap et al., 2013). Interestingly, this decline in 

glycocerebrosidase activity occurs in substantia nigra, cerebellum and caudate 

regions in GBA-mutant patients and patients with sporadic Parkinson’s disease 

(Chiasserini et al., 2015). Furthermore, the decreased activity of 

glycocerebrosidase increases the accumulation of -amyloid and amyloid 

precursor protein, oxidative stress, and microglial and immune system activation, 

all of which are associated with neurodegenerative processes. Particular 

mutations in GBA render the affected individuals more susceptible to 

environmental toxicants that associate with Parkinson’s disease development 

(Neumann et al., 2009). Specifically, GBA mutants render neurons more 

susceptible to metal ions (Barkhuizen et al., 2016).  
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The autonomous activity of striatal dopaminergic neurons is maintained by 

the L-type Ca2+ channels, however, the sustained accumulation of Ca2+ in these 

neurons creates metabolic stress which makes them more susceptible to 

environmental toxicants (Surmeier, 2010). GBA-mutants have increased Ca2+ 

binding protein 2, an alteration that results in disrupted calcium homeostasis, 

leading to a vulnerability to the cytosolic Ca2+ stress response. Furthermore, 

attenuated storage of glycocerebrosidase in macrophages of GBA-mutants 

causes an inflammatory response and de-regulation of iron cycling (Sian-

Hulsmann et al., 2011). Interestingly, there is an increase in the iron levels in 

substantia nigra of patients with Parkinson’s disease. It appears that inflammatory 

responses caused by the reduced activity of glycocerebrosidase in GBA-mutants 

causes an increased production of hepcidin, a major regulator of iron homeostasis, 

thus leading to iron entrapment in macrophages (Medrano-Engay et al., 2014). 

Finally, a disruption of zinc homeostasis, which is also apparent in the substantia 

nigra of Parkinson’s disease patients, has been linked to mutations in 

glycocerebrosidase.  

 

SNCA 

Rare mutations in the SNCA gene, encoding -synuclein, have been 

associated with familial cases of Parkinson’s disease (Satake et al., 2009). 

Interestingly, this correlation holds true in multiple populations, including in both 

European and Asian cohorts. The first direct correlation between a single gene 
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mutation and Parkinson’s disease was a mutation in -synuclein. For further 

details please refer to the “-synuclein mutations” section pages 46-47. 

 

PARKIN 

Parkin protein is a major component of the E3 ubiquitin ligase complex. The 

main function of parkin as a sole protein remains unknown, however, the E3 

ubiquitin ligase complex plays a major role in the proteosomal degradation 

pathway, degrading unwanted proteins (Shimura et al., 2000). Mutations in PARK2 

gene that result in nonfunctional parkin protein cause dopaminergic cell death, and 

early onset autosomal recessive Parkinson’s disease (Kitada et al., 1998). The 

main mechanism of parkin dependent toxicity is not fully elucidated. Yet, mutations 

lead to inhibition of cytoprotective properties of parkin in the E3 ubiquitin ligase 

complex. Loss of function of parkin leads to accumulation of Aminoacyl-tRNA 

synthetase interacting multifunctional protein type 2 (AIMP2) and far up stream 

element binding protein 1 (FBP1), however, it is not known how accumulation of 

these proteins contribute to cellular toxicity (Dawson and Dawson, 2010).  Further, 

parkin interacts with PINK1 and DJ1, proteins which play a central role in 

Parkinson’s disease generation. Damaged mitochondria are removed through 

mitophagy via interaction between parkin, PINK1, and DJ1 (van der Merwe et al., 

2015). Thus, mutations on one of these proteins lead to accumulation of damaged 

mitochondria, and increased cellular stress. Most likely the cellular damage comes 
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from proteotoxicity caused by accumulated protein aggregates, however, further 

research is needed to fully grasp the mechanism of toxicity.  

 

MAPT 

The MAPT gene encodes the microtubule-associated protein tau, an 

essential protein for normal neuronal function. Interestingly, variants in this gene 

are  associated with other neurological disorders and a familial form of Parkinson’s 

disease (Simon-Sanchez et al., 2009). Specifically, mutations in MAPT are 

associated with an overlap between Parkinson’s disease and Alzheimer’s disease 

(Desikan et al., 2015). Furthermore, concomitant mutations in MAPT and LRRK2 

are present in early onset Parkinson’s disease (Gan-Or et al., 2012). Tau proteins 

are microtubule stabilizing proteins, and most mutations associated with 

neurological dysfunction, yield these proteins unable to perform this vital function 

in the axons.  

 

PARK16 

In genome wide studies Multiple SNPs on chromosome 1 in a region that 

encodes PARK16 have been reported in patients with Parkinson’s disease. The 

PARK16 locus has been under investigation for a number of years, however the 

main mechanisms by which mutations in this gene predispose to Parkinson’s 

disease remain elusive (Pihlstrom et al., 2015). Ras-related protein Rab-7L1 from 

the PARK16 locus, interacts with LRRK2, playing a role in retrograde trafficking 
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pathways in protein recycling (MacLeod et al., 2013). However, further research is 

needed to better understand the role of this protein in Parkinson’s disease.  

 

BST1 

BST1, also known as CD157, codes for cell surface proteins that are 

essential for maintaining proper calcium levels within the cell, and is closely related 

to the nearby gene CD38 (Surmeier et al., 2010).  It is not clear exactly how the 

SNP on chromosome 4, between BST1 and CD38 (rs4698412) increases 

susceptibility to Parkinson’s disease, but thus far the leading theory is that it 

causes calcium dysfunction in dopamine-producing cells of the substantia nigra.  

 

DGKQ 

This gene encodes diacylglycerol kinase theta (DGKQ) and is located on 

chromosome 4 in humans. The primary function of this kinase is to convert 

diacylglycerol to phosphatic acid  (Ishisaka and Hara, 2014). Diacylglycerol is 

produced from inositol phospholipids by phospholipase C in response to the 

activation of Gq-coupled receptors (Rhee and Bae, 1997), and acts as a second 

messenger with a crucial role in gene transcription, lipid signaling, and 

neurotransmitter release in the mammalian central nervous system. DGKQ 

terminates diacylglycerol signaling while initiating signaling by phosphatic acid, 

which is important for other intracellular signaling, including Raf-1 kinase. Unlike 

other DGKs, DGKQ is the only one in its class (type V) and possess a single 
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pleckstrin homology (PH) domain, two catalytic domains, and three cysteine-rich 

domains (Houssa et al., 1997).  DGKQ is strongly expressed in the cerebellar 

cortex and hippocampus, and its expression during development has been 

identified at the very early stages of organogenesis, suggesting an important role 

in brain development (Ueda et al., 2013). The specific SNP in this gene (4p16.2, 

substitution to T) is associated with an increased risk of developing Parkinson’s 

disease in European (Lill et al., 2012,Nalls et al., 2014) and Chinese populations 

(Chen et al., 2013).  Unfortunately, due to the fact that these polymorphisms were 

just recently identified, and DGKQ is the least studied of all DGKs, the precise 

mechanism of how this mutation increases susceptibility to Parkinson’s disease in 

unknown, but is an attractive target for future studies, as it is consistently present 

in both Chinese and European cohorts. 

  

STK39 

This gene encodes Serine/Threonine E20/SPS1-related proline –alanine-

rich protein kinase (also known as SPAK) that plays a role in the cellular response 

to environmental stress (Johnston et al., 2000). SPAK is primarily expressed in the 

brain and pancreatic cells and plays a primary role in the p38 pathway (Johnston 

et al., 2000). SPAK is activated in response to hypotonic stress, which in turn 

activates the p38 MAP kinase pathway. The SNP (2q24.5, version C) in the STK39 

gene is located on chromosome 4 in humans and has been associated with an 
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increased risk of developing Parkinson’s disease in European, Ashkenazi Jewish, 

and Chinese Han populations (Chang et al., 2015,Lill et al., 2012,Liu et al., 2011).  

 

Environmental Factors Influencing Parkinson’s Disease 

Parkinson’s disease is a multifactorial disease, which is heavily influenced 

by the interaction of hereditary influences with the environmental factors. The latter 

include pesticide and herbicide exposure, metals, diet and exercise, head injuries, 

air pollution and other toxicants including any redox active compound.  

 

MPTP 

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine, also known as MPTP, was 

obtained as a toxic impurity during the synthesis of 1-methyl-4-phenyl-4-

propionoxypiperidine, a pethidine analog (morphine). The graduate student who 

synthesized the pethidine analog with the impurities, developed severe 

Parkinsonism shortly after drug injection. At the time no information was available 

on the impurity, and experiments in rats had failed to replicate the Parkinsonian 

effect. The case was dismissed as an anomaly, but years later a group of friends 

experimenting with illegal drugs experienced the same outcome. After 

investigation of the impurities in different species it was discovered that MPTP was 

the main culprit, and it became one of the best tools available for studying 

Parkinson’s disease (Langston et al., 2014).  
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MPTP is a lipophilic, selective dopaminergic neurotoxicant that crosses the 

blood brain barrier with ease. However, MPTP itself is not toxic and requires 

metabolism by monoamine oxidase type B enzyme. MPTP is converted to 1-

methy-4-phenyl-1,2-dihydropyridine, followed by autoxidation to 1-methyl-4-

phenyl-pyridinium, MPP+, the actual toxic metabolite. Because some strains of 

laboratory rats lack the capacity to metabolize MPTP, initial studies failed to 

demonstrate neurotoxicity (Watanabe et al., 2005). Interestingly, astrocytes are 

resistant to the deleterious action of MPTP. Due to low cytosolic pH and oxygen 

content in astrocytes, the autoxidation step is hindered allowing the cells to actively 

efflux the toxicant via the organic cation transporter 3 (Schildknecht et al., 2015). 

In the extracellular space the autoxidation step leads to formation of MPP+, which 

is selectively taken up by the dopamine transporter on dopaminergic cells (Javitch 

et al., 1985). In dopaminergic cells MPP+ can generate the redox cycling 

compound, produce reactive oxygen species, and accumulate in the mitochondria. 

Mitochondrial damage occurs due to inhibition of the oxidative phosphorylation 

through inhibition of complex I (Nicklas et al., 1985). As expected, ATP production 

is blocked. 

Decreased energy levels combined with oxidative stress eventually leads 

to cellular death. As a result of selective dopaminergic neurotoxicity, MPTP has 

been extensively used in the field of Parkinson’s disease. (Dauer and Przedborski, 

2003).  Amusingly, -synuclein knockout animals are resistant to MPTP toxicity 

(Thomas et al., 2011), with lack of understanding of the mechanistic pathways 

involved. Further research is needed for better elucidating the toxicity of MPTP.  
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Pesticides, Herbicides, and Fungicides 

Farming communities, well-water drinking populations, and individuals with 

occupational risk of exposure to toxicants have been recognized as having higher 

risk of developing Parkinson’s disease. From these populations the most 

consistently appearing factors are pesticides, herbicides, and fungicides, although 

other industrial pollutants may also be risk factors for Parkinson’s (Bellou et al., 

2016).  

Rotenone, paraquat, dichlorodiphenyltrichloroethane (DTT), 2,4-

dichlorophenoxyacetic acid, diazinon, chlorpyrifos, propargite, dieldrin, benomyl, 

maneb, and arsenic pesticide exposure have all been directly correlated with 

increased risk of developing Parkinson’s disease (Goldman, 2014). Although 

exposure times and dose play a major role in the extent of the risk, a single 

exposure event may be sufficient for triggering the onset of neurodegenerative 

processes. A single dose of paraquat, maneb and/or chlorpyrifos (or a single dose 

of combination of toxicants) has been shown to induce Parkinson’s like pathology 

in animal models, with increases in -synuclein expression and decreased protein 

degradation activity (Su and Niu, 2015). 

Rotenone is a naturally occurring isoflovane, used as a natural pesticide for 

decades, and currently is in use with limited restrictions. The main reason for its 

utilization is its low cost, high potency, environmental short half-life (~7 days), and 

its popularity among organic farmers due to its “natural” status. Rotenone has been 

extensively used for eliminating thousands of fish in San Francisco as late as 2014. 
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Although it is considered safe for use, exposure to a single large dose could be 

sufficient for dramatically increasing the risk of Parkinson’s disease (Goldman, 

2014). In laboratory rodents, rotenone produces one of the better and most 

consistent pharmacological models of Parkinson’s disease, with intracellular 

inclusions similar to Lewy bodies (Blesa and Przedborski, 2014). The mechanisms 

of action of rotenone is very similar to MPTP; it blocks mitochondrial complex I 

activity,  decreases ATP levels,  increases oxidative stress, and causes microglial 

activation (Sherer et al., 2007). Rotenone crosses the blood brain barrier, but also 

causes aggregation of -synuclein in the enteric neurons, and propagates the 

aggregates to the central nervous system via retrograde axonal transport (Pan-

Montojo et al., 2012). Rotenone is not a selective dopaminergic neurotoxicant per 

se, but due to vulnerability of dopaminergic neurons of the substantia nigra, its 

effects are mainly seen in substantia nigra neurons. For more information, please 

review the “Vulnerability of Dopaminergic Neurons of Substantia Nigra Pars 

Compacta” section pages 51-57. 

Other toxicants have a similar toxic profile to MPTP or rotenone, with some 

minor variations, and which cause selectivesubstantia nigra neuronal loss. They 

effect at least one of the following; blockage of mitochondrial oxidative 

phosphorylation (complex I, III, and/or IV), reduced ATP levels, increased reactive 

oxygen species, decreased cellular thiol content, induction of inflammation, and 

protein aggregation (Goldman, 2014).  

It is important to note that gene (x) and toxicant interactions which increase 

the risk of Parkinson’s. There is a considerably higher risk of developing 
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Parkinson’s disease due to paraquat exposure if individuals posess 

polymorphisms in glutathione-S-transferase T1 (Goldman et al., 2012). Exposure 

to organochlorine pesticides increases the risk of developing Parkinson’s disease 

by 3.5 fold in individuals with homozygous ABCB1 gene polymorphism, which is 

associated with altered P-glycoprotein function  (Dutheil et al., 2010), although no 

P-glycoprotein mutations are associated with Parkinson’s disease. Individuals with 

CYP2D6 polymorphisms also exhibit higher incidence of Parkinson’s disease if 

exposed to pesticides (Elbaz et al., 2004). In addition, polymorphisms in 

glutathione-S-transferase P1 (Wilk et al., 2006), NAD(P)H quinone oxidoreductase 

1 and superoxide dismutase 2 (Fong et al., 2007), and paraoxonase 1 (Lee et al., 

2013) lead to markedly increased risk of developing Parkinson’s disease upon 

pesticide exposure. 

 

Other Environmental Factors 

Despite the overall deleterious effect on the physiology of multiple systems 

in the human body, lifetime exposure to nicotine appears to be protective against 

the development of Parkinson’s disease. Interestingly, it is nicotine that possesses 

neuroprotective properties in Parkinson’s’ disease, since this effect is observed 

regardless of the route of administration: via cigarette smoke, chewing tobacco, or 

a nicotine patch (Benedetti et al., 2000,Grandinetti et al., 1994,Sipetic et al., 

2012a). Thus, both nicotine and its major metabolite cotinine, and not other active 

compounds present in cigarette smoke underlie this effect. The risk of developing 
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of Parkinson’s disease in cigarette smokers is about half that of non-smokers 

(Sugita et al., 2001). Consequently, one can speculate that the mechanism behind 

this surprising neuroprotection at least partially involves the activation of nicotinic 

acetylcholine receptors. Indeed, recent evidence from animal models, including 

non-human primates, suggests that the neuroprotective effect takes place via 7-

type nicotinic acetylcholine receptors (Quik et al., 2015). Alternatively, the 

mechanism behind nicotine-induced neuroprotection may involve inhibition of 

monoamine oxidase B activity (Fowler et al., 1996), the antioxidant activity of 

nicotine (Ferger et al., 1998), and/or nicotine-induced increases in nigrostriatal 

trophic factors (Maggio et al., 1997). All of these possibilities offer the potential for 

the development of novel therapeutic approaches to Parkinson’s disease and 

should be further studied.  

 Similar to lifetime exposure to nicotine, alcohol consumption has been 

initially inversely associated with the development of Parkinson’s disease (Fall et 

al., 1999). However, more recent studies reported no correlation or a negative 

correlation between alcohol consumption and Parkinson’s disease (Palacios et al., 

2012,Sipetic et al., 2012b). Further, other studies report that the effects are dose-

dependent, with low alcohol consumption of light drinks being neuroprotective, 

while high alcohol consumption of distilled liquors associated with the induction 

Parkinson’s disease (Liu et al., 2013). Thus, with such conflicting data, more 

studies, preferably in the animal models, are needed to better understand the role 

of alcohol in the development of Parkinson’s disease.   
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 Inverse association exists between consumption of caffeinated products 

(e.g. coffee, tea, dark chocolate) and the development of Parkinson’s disease 

(Ascherio et al., 2001,Ross et al., 2000). This effect is thought to be mediated via 

the antagonistic action of caffeine on adenosine A(2A) receptors (Chen et al., 

2001). Additionally, in cell culture, treatment with caffeine is associated with 

induction of the vascular endothelial growth factor (VEGF), which partially could 

be responsible for the neuroprotective effect (Kakio et al., 2016).  

 While it is difficult to assess the exact beneficial potential of regular aerobic 

exercise in humans, several lines of evidence suggest a major protective effect of 

exercise. The most convincing evidence comes from animal studies which show 

an improved function of dopaminergic neurons and augmented cognitive abilities 

in MPTP-treated mice (Aguiar et al., 2015). Furthermore, exercise (both strength 

and aerobic) promotes neuroprotection, stimulate Sirt1, thereby modulating 

mitochondrial function and neuronal inflammation via deacetylation of NF-B p65 

(Tuon et al., 2015). Combined human data and animal studies suggest that 

exercise could delay the development of noticeable symptoms of Parkinson’s 

disease and/or hinder disease progression.  

 

Synucleinopathies 

Parkinson’s disease, Dementia with Lewy bodies, and Multiple System 

Atrophy, belong to a family of prion-like disorders, collectively known as 

synucleinopathies (Herva and Spillantini, 2015,McCann et al., 2014a). All three 
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disorders are distinct from one another in the manner in which neuronal loss occurs 

and in the accumulation of variable subtypes of -synuclein deposits. In the case 

of Dementia with Lewy bodies, the widespread cortical accumulation of Lewy 

bodies and neurites is observed, similar in pattern to late stages of Parkinson’s 

disease (Mirra et al., 1991). Often times Dementia with Lew bodies and 

Parkinson’s disease are misdiagnosed due to numerous overlaps between these 

two synucleinopathies (McCann et al., 2014a). Some clinicians suggest that 

Dementia with Lewy bodies is a subtype of Parkinson’s disease and should be 

considered as such at the time of diagnosis, since early dementia diagnosis is not 

an exclusion criteria at this point (Postuma et al., 2015,Berg et al., 2015). To further 

complicate diagnosis, there is also a notable overlap between synucleinopathies 

and taupathies, such as Alzheimer’s disease, making it even more challenging to 

accurately pinpoint the correct disease (Moussaud et al., 2014). In contrast, 

Multiple System Atrophy has a more distinct pathology compared to other 

synucleinopathies, as all glial cells are heavily involved. Lewy bodies and neurites 

initially occur in oligodendrocytes and other glial cells, including microglia and 

astrocytes, eventually spreading to neuronal cells. Thus, both the pattern of 

spreading and subtype of cells is markedly different in multiple system atrophy. 

Additionally, the progression of Lewy body spread in multiple system atrophy can 

manifest itself in the striatonigral pathway, with Parkinsonian like symptoms, or 

olivopontocerebellar pathway, with progressive ataxia and dysarthria (Ahmed et 

al., 2012). 
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The diagnosis criteria for synucleinopathies are evolving as new research 

findings become available, and should be revisited more frequently considering 

that new treatment options and disease modifying strategies are investigated 

(Kalia and Lang, 2016). 

 

-Synuclein 

-Synuclein is a small neuronal protein, predominantly found in the 

vertebrate brain and in humans is encoded by the SNCA gene. When initially 

discovered, -synuclein was found localized at the synapses and the nuclear 

envelope, giving rise to the name synuclein (Maroteaux et al., 1988). The 

membrane binding ability of -synuclein was recognized early on (Maroteaux and 

Scheller, 1991), and further experiments highlighted the importance of its 

interactions with lipids shedding light on some proposed functions and potential 

toxicity of this small protein (Ghio et al., 2016). 

-Synuclein is the major component of Lewy bodies, and the main 

pathological marker of synucleinopathies, including Parkinson’s disease, 

Dementia with Lewy bodies, and Multiple System Atrophy (McCann et al., 2014b). 

Lewy bodies are large intracellular inclusions, filled with protein aggregates and 

oligomers. Although initially considered toxic, Lewy bodies are large aggrosomes, 

which are formed around protein aggregates as a means of cellular protection 

(Tanaka et al., 2004b). Originally, these intracellular inclusions were detected by 

staining for ubiquitin, a small protein involved in targeting substrate proteins for 
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proteosomal degradation. However, the later discovery of -synuclein as a main 

component of Lewy bodies lead to mainstream use of -synuclein staining as a 

larger number of inclusions are detected than with ubiquitin stain (Jellinger, 2011). 

Identification of SNCA mutations in familial forms of Parkinson’s disease, 

and accumulation of -synuclein in synucleinophaties and taupathies, including 

Alzheimer’s disease, has underscored the importance of this small protein in the 

progression of neurodegenerative diseases. Yet, disease-causing mechanisms of 

-synuclein remain ambiguous and more detailed research is needed. 

 

-Synuclein Structure 

-Synuclein is a 140 amino acid protein with a highly conserved sequence 

among different species of vertebrates. It is a prion like protein, and considered 

intrinsically disordered protein. -synuclein structure can be divided into three 

main domains; a lysine rich -helix N-terminus, a central hydrophobic region 

known as non-amyloid- component, and an acidic proline rich C-terminus.   

The -synuclein N-terminus contains seven sequence repeats (residues 1-

60) which form an amphipathic -helix, the main membrane interacting region. The 

imperfect KTKEGV sequence repeats, at the N-terminus, are unique to synuclein 

protein family members in vertebrates (Dettmer et al., 2015,Clayton and George, 

1998). Under physiological conditions, -synuclein is found as an aggregation-

resistant tetramer formed by interaction between the -helices (Bartels et al., 
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2011). Disruption of the KTKEGV repeats in -synuclein leads to inhibition of 

stable tetramer formation, and accumulation of neurotoxic species of the protein 

(Dettmer et al., 2015). Yet, stable tetramer formation and its resistance to 

aggregation in the stable form remains uncertain. Interestingly, all the known 

disease causing SNCA mutations are localized to the N-terminus, and is 

thoroughly discussed later in the “-synuclein mutations” section. Lysine amino 

acid can be nucleophilic at basic pH (pH~10-11), nonetheless, the abundance and 

the proximity of lysine residues in -synuclein renders them nucleophilic at 

physiological pH (Labenski et al., 2009). One of the main hypotheses of the 

present thesis is that the main interaction between dopamine and -synuclein 

takes place at the N-terminus, specifically at the lysine residues. 

The non-amyloid- sequence (residues 61-95) of -synuclein was originally 

discovered in the extracellular senile plaques of patients with Alzheimer disease 

(Ueda et al., 1993), and is considered the main region involved in protein 

aggregation. This hydrophobic region forms the core of the -synuclein filaments 

and is heavily involved in the formation of fibrils, through pleaded -sheet 

structures (Waxman et al., 2009). 

The C-terminus of -synuclein (residues 95-140) is a non-structured proline 

rich acidic region, which regulates aggregation and oligomerization of the protein 

(Waxman et al., 2009). Thus truncation of the C-terminus promotes the formation 

of -synuclein aggregates, suggesting a preventive role of the C-terminus in the 

aggregation process (Li et al., 2005b). The C-terminus contains a KFERQ-like 
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motif (residues 95-100 VKKDQ), which is recognized by heat shock proteins 

(HSP70s) and is crucial for degradation of -synuclein through chaperone 

mediated autophagy; mutations at this locus of the protein lead to impaired 

degradation (Cuervo et al., 2004). Moreover, dopamine induced modification of -

synuclein, which, as we hypothesized in this thesis, takes place at K residues, 

blocks chaperone mediated autophagy altogether (Martinez-Vicente et al., 2008a).  

-Synuclein oligomerization and aggregation generate multiple small and 

large molecular weight species with distinct structures and cellular fate 

consequences. Oligomers of -synuclein are not fully characterized due to their 

instability. In early stages of oligomerization, oligomers appear to be globular in 

nature, with a high level of -helices present. Subsequently, there is a reduction in 

-helical structure and an increase in -sheet, leading to protofilament formation, 

which eventually become large fibrils (Apetri et al., 2006). Large kilo- and mega-

Dalton aggregates themselves are characterized as two strains, known as fibrils 

and ribbons, with different aggregation propensities and different levels of toxicity 

(Bousset et al., 2013). 

All forms of -synuclein strains demonstrate seeding ability, cell-to-cell 

transmission, and toxic profile. Thus, -synuclein is considered a prion-like protein, 

and synucleinopathies are considered prion-like disorders (Brandel et al., 2015). 

Initially, it was thought that small soluble oligomers are the main toxic culprit 

(Conway et al., 2000,Conway et al., 2001a,Winner et al., 2011), and fibrilar forms 

protective, as they are shielded inside the Lewy bodies. However, more recent 
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data suggest that fibrils and ribbons are equally or even more toxic than oligomers 

(Bousset et al., 2013,Peelaerts et al., 2015,Pieri et al., 2012). Interestingly, 

Peelaerts et. al. (2015) demonstrated that each strain (oligomer, fibril, ribbon) can 

lead to the generation of distinct neurotoxic phenotypes, with distinct seeding 

capacities and strain-specific pathology. 

-Synuclein undergoes multiple post-translational modifications, including 

oxidation, nitration, deamination, phosphorylation, uniquitination, and, possibly, 

adduction by dopamine and other electrophiles. All of the modifications can be 

found in aggregates in Lewy bodies, yet, it is not known if the modifications are 

directly involved in disease progression (Schmid et al., 2013).  

 

Function of -Synuclein 

The main function of -synuclein remains elusive. In the vertebrate brain -

synuclein plays an important role in the development of cognitive function, since 

knockout mice lacking -synuclein have impaired long-term spatial and working 

memory (Kokhan et al., 2012). These findings are supported by the fact that -

synuclein has chaperone function in SNARE complex formation, with the N-

terminus interacting with membranes and the C-terminus interacting with SNARE 

complex proteins (Bonini and Giasson, 2005,Burre et al., 2010). Further, 

interaction of -synuclein with membranes can change the composition of the 

membranes, including membrane fluidity, and membrane integrity. Specifically, 

oligomers render membranes more permeable, which leads to cellular toxicity 
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(Ghio et al., 2016).-Synuclein also plays a role in the rearrangement of synapses, 

via the interaction with tubulin and tau, in critical periods of song learning in birds 

(Alim et al., 2002,George et al., 1995). An autoproteolytic activity of -synuclein 

has also been noted, with the generation of multiple fragments. From these 

fragments it is important to note the generation of a non-amyloid- fragment, since 

this fragment potentiates oligomer and aggregate formation (Vlad et al., 2011).  

-Synuclein also plays a major role in dopamine homeostasis; it can inhibit 

tyrosine hydroxylase activity, the rate-limiting enzyme in dopamine synthesis, and 

can also decrease the expression of tyrosine hydroxylase (Perez et al., 2002a,Yu 

et al., 2004).  

-Synuclein also reduces the phosphorylation and activity of aromatic 

amino acid decarboxylase, an enzyme which converts L-dopa to dopamine; the 

final step in dopamine synthesis (Tehranian et al., 2006). -Synuclein modulates 

dopamine vascularization and release, through interaction with the dopamine 

transporter and phospholipase D2. Thus, mutations in this protein lead to impaired 

storage of dopamine (Lotharius and Brundin, 2002), and overexpression leads to 

decreased dopaminergic neurotransmission in nigral dopamine neurons (Lundblad 

et al., 2012). Overall, -synuclein modulates dopamine synthesis, storage, 

release, and reuptake (Sidhu et al., 2004). 
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-Synuclein as a Member of Prion-Like Proteins 

Amyloidogenic proteins, commonly known as Prion-like proteins, are 

notorious for their unique propensity to misfold, leading to acceleration, formation 

and propagation of aggregates. All prion-like proteins form a similar -sheet 

structure, resulting in generation of soluble protein oligomers/aggregates and 

insoluble protein fibrils. The best known and widely studied is the prion protein. 

Several neurodegenerative diseases in humans, including Creutzfeldt-Jakob 

disease and Kuru, involve misfolding of prion. Furthermore, prion misfolding is the 

sole cause of Bovine Spongiform encephalopathy, and other types of transmittable 

encephalopathies in animals (Fraser, 2014). PrionC is a small cellular protein, 

improper folding of which results in the formation of -sheet like structures, 

inducing the misfolding of the natural conformation of the protein, leading to prionSC 

generation. PrionSC crosses both the intestinal barrier and blood brain barrier, 

triggering the onset of neurodegenerative disease development. Interestingly, the 

spread of prions and neurodegeneration results in a characteristic phenotype 

including a multitude of varicosities throughout the brain, resembling a sponge, 

hence the name spongiform (Soto et al., 2006,Jones et al., 2006). To date, prion 

disease is the only described infectious disease in humans with the source of 

infection being the protein and not DNA or RNA. 

Data collected over the past decade lead to classification of 

synucleinopathies as prion-like disorders, and -synuclein as a prion-like protein 

(Brandel et al., 2015,Prusiner et al., 2015,Herva and Spillantini, 2015). Case 
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studies in patients who received stem-cell like dopaminergic grafts and later on 

developed Lewy bodies in the grafted cells, provided the first evidence of -

synuclein propagation in a neuron-to-neuron fashion (Kordower et al., 2008,Li et 

al., 2008). Recent studies in rodents overexpressing human -synuclein showed 

that direct intracerebral administration of human -synuclein, derived from 

diseased brain lysates, caused Parkinson’s-like pathology. Interestingly, the 

pathology observed suggested that human -synuclein could spread to multiple 

brain regions from the site of injection (Bernis et al., 2015). Moreover, intestinal 

injections of human Parkinson’s brain lysates were well absorbed and transported 

via the vagus nerve, subsequently causing Parkinson’s-like pathology in rats 

(Holmqvist et al., 2014). Interestingly, individuals who had truncal vagotomy, a 

disruption of the vagus nerve, exhibited a decreased risk of Parkinson’s disease 

(Svensson et al., 2015).  

The cell-to-cell propagation of -synuclein, from the periphery to the central 

nervous system, and further propagation from the initial locus onto distant brain 

areas has been demonstrated extensively, supporting the prion-like activity of -

synuclein. Exocytosis, endocytosis, free diffusion, and transport of -synuclein 

oligomers and aggregates have been reported and, while all of these processes 

are plausible, the exact transmission mechanism is not known (Dehay et al., 2016). 

Mutations in the gene encoding -synuclein play a major role in the acceleration 

of -synuclein aggregation and in the disease causing properties of the protein. 

Similar to the prion protein, -synuclein function is severely altered by mutations 
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that affect the N-terminus. One cannot ignore the fact that -synuclein does have 

an important role in the normal brain, yet, at some point under favorable conditions 

it crosses to the “dark side” and the prion-like machinery is engaged. (Dehay et al., 

2016,Jones et al., 2006).  

 

-Synuclein Mutations 

-Synuclein is encoded by the SNCA gene, which is located on 

chromosome 4 (q21). The disease causing mutations of SNCA are rare and only 

account for up to 2.5% of known Parkinson’s disease cases. The majority of these 

cases are single point mutations, leading to single amino acid changes in -

synuclein. However, in rare cases there are duplications and triplications of the 

SNCA gene leading to -synuclein overexpression, inducing Parkinson’s disease 

and Dementia with Lewy bodies (Nuytemans et al., 2010).  

The first link of Parkinsonism and -synuclein mutations was discovered in 

a familial form of Parkinson’s disease in Italian and Greek families at 1997 

(Polymeropoulos et al., 1997). This discovery was met with skepticism within the 

scientific community, since the same amino acid substitution (A53T) appears in 

wild-type rodent -synuclein (threonine at position 53), which lacks the ability to 

cause a Parkinsonian phenotype and pathology in rodents (Stefanis, 2012). The 

discovered autosomal-dominant mutation was a substitution on the SNCA gene 

(G209A), resulting in a single amino acid change in the N-terminus of -synuclein, 

leading to generation of early-onset Parkinson’s disease (before age of 50).  
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Later research identified similar autosomal-dominant mutations on the 

SNCA gene, changing a single amino acid in the N-terminus (residues 1-60) of -

synuclein; A30P, E46K, G51D, and H50Q (Appel-Cresswell et al., 2013,Kruger et 

al., 1998,Lesage et al., 2013,Zarranz et al., 2004). All the mutations and gene 

duplications/triplications induce early onset Parkinson’s disease, with the 

exception of H50Q, which is associated with late-onset Parkinson’s disease. 

All known disease causing mutations on the SNCA gene lead to increases 

in aggregation potential of -synuclein. Early studies on A53T and A30P mutants 

suggested that these mutations decrease the time required for generation of 

precipitated aggregates. The A53T mutant generated insoluble precipitated 

aggregates after 100 hours, A30P mutant at 180 hours, compared to wild-type 

which forms insoluble precipitated aggregates after 280 hours (Narhi et al., 1999). 

These results were recently confirmed, and all other known -synuclein disease 

causing mutants accelerate the rate of oligomerization and aggregation, despite 

the distinct differences in formation of Lewy body like intracellular inclusions 

(Lazaro et al., 2014). Since all the -synuclein mutations reside in the N-terminus, 

they most likely disrupt the interaction between -helices, which are responsible 

for formation of the aggregation-resistant tetramer, confirming Bartels et. al. (2011) 

results. Interestingly, interaction of -synuclein and dopamine leads to accelerated 

formation of oligomers and aggregates, in a similar fashion to the -synuclein 

mutants. 
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Dopamine 

Dopamine is one of the main catecholamines in the human body, the 

precursor to norepinephrine and epinephrine. It is the simplest catecholamine, the 

structure consisting of a benzene ring with hydroxyl groups (the catechol), and an 

ethyl chain connecting the catechol to the amine group. The first step in dopamine 

synthesis is the conversion of phenylalanine to tyrosine via addition of a hydroxyl 

group to the benzene ring cyclized by phenylalanine hydroxylase. The rate-limiting 

step in dopamine synthesis is the conversion of tyrosine to L-dopa by tyrosine 

hydroxylase, since there is an abundance of tyrosine from food sources and from 

the conversion of phenylalanine. Finally, L-Dopa is converted to dopamine by 

aromatic amino acid decarbaxylase, also known as dopa decarboxylase (Figure 

1.1). Further processing of dopamine by dopamine--hydroxylase and 

phenylethanolamine-N-methyltransferase provides norepinephrine and 

epinephrine, in that order (Medina et al., 2003). 

After synthesis within the cell body, dopamine is packaged into small 

vesicles by vesicular monoamine transporter 2, where it is stored under acidic 

conditions (pH~5) and transported via dynein (motor protein) along the 

microtubules to the axonal terminals. In acidic condition dopamine is protected 

from autoxidation, but it can autoxidize at physiological pH (~7.4) (to be discussed 

in the “Chaos of Neuromelanin and Quinone Chemistry” section pages 57-61). 

During neurotransmission, dopamine is released into the synaptic cleft, and acts 

on dopaminergic receptors. Any remaining unbound dopamine is taken up back 
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into the presynaptic cell by the dopamine transporter and is recycled into the 

vesicles or degraded. 

In the canonical metabolic pathway, dopamine is metabolized by catechol-

Ortho-methyltranferase, monoamine oxidase (A and B), and aldehyde 

dehydrogenase. Catechol-Ortho-methyltranferase generates 3-methoxytyramine 

from dopamine, while monoamine oxidase generates 3,4-dihydroxyphenylacetic 

acid (Figure 1.2). the consecutive dopamine metabolism by all enzymes, 

generates homovanillic acid, whether of the order if Catechol-Ortho-

methyltranferase was first or monoamine oxidase initiated dopamine metabolism 

(Meiser et al., 2013). 

Dopamine acts on dopaminergic receptors, which are metabotropic G-

protein-coupled receptors, prominent in the central nervous system, cardio-

pulmonary system, and renal system. Dopamine receptors can be divided into two 

groups; D1-like (D1 and D5) and D2-like (D2, D3, and D4). D1-like receptors are 

coupled to G-protein Gs, and they stimulate adenylyl cyclase, while D2-like 

receptors are coupled to G-protein Gi, and they inhibit adenylyl cyclase. However, 

dopamine’s stimulatory or inhibitory effects do not depend on receptor type (D1-

like or D2-like), but on cell type and on the mechanisms by which the cell engages 

dopamine receptors (Neve and SpringerLink, 2010). In the cardio-pulmonary 

system, dopamine can induce increased cardiac output and vasodilation (Ricci et 

al., 2006). In the renal system dopaminecan effect diuresis (Contreras et al., 2002).  
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Dopaminergic Pathways in the Brain 

Four major dopamine pathways in the brain are the mesocortical, 

mesolimbic, nigrostriatal, and tuberoinfundibular pathways. Mesocortical pathway 

cells are located in the ventral tegmental area and project to neocortex. Mesolimbic 

pathway cells are also located in the ventral tegmental area, but project to the 

limbic system, which includes the olfactory bulb, amygdala, hippocampus, 

thalamic nuclei, limbic system and multiple other areas. Both mesocortical and 

mesolimbic pathways play a major role in reward, addiction, concentration, 

attention deficit disorders, and schizophrenia. Tuberoinfundibular pathway 

neurons are located in the hypothalamus arcuate nucleus, and project to the 

pituitary gland, where they control hormone release, mainly prolactin (Nolte, 2008). 

The nigrostriatal pathway cell bodies are located in the substantia nigra pars 

compacta and project to the striatum; specifically, to the caudate and putamen. 

These neurons release dopamine in the striatum in a pulsatile fashion, eventually 

controlling fine motor movement, a complex process that requires involvement of 

the premotor cortex, putamen, globus pallidus, subthalamic nucleus, thalamus, 

motor cortex, and importantly substantia nigra. Fine motor movement also requires 

utilization of neurotransmitters glutamate, -aminobutyric acid, and dopamine. 

Pulsatile dopamine release (~200 ms) acts on D1-like receptors of the putamen 

direct pathway, and D2-like receptors of the putamen indirect pathway. In short, 

the direct pathway facilitates the selection of motor “programs”, and the indirect 

pathway inhibits competing motor “programs”, leading to desired fine movement. 

Disruption of dopamine signaling from the substantia nigra pars compacta leads 
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to difficulties in the initiation of fine movement and other movement related 

symptoms (Nolte, 2008). 

 

Vulnerability of Dopaminergic Neurons of the Substantia Nigra Pars 

Compacta 

One may wonder, given the numerous dopaminergic pathways, why there 

is selective loss of dopaminergic neurons of the substantia nigra pars compacta? 

In brief, under normal physiological conditions these neurons are under high levels 

of stress compared to other neurons, for reasons described below.  

 

Disturbed Calcium Homeostasis 

Dopaminergic neurons of the substantia nigra possess a pacemaker 

activity, which is controlled by L-type calcium channels (Wilson and Callaway, 

2000). In most neurons with calcium-based pacemaker activity, the predominant 

subunit is voltage-gated CaV1.2, characterized by very short action potential 

activation, which results in a brief rise in intracellular calcium. However, the 

predominant subunit in vulnerable populations of dopaminergic neurons is voltage-

gated CaV1.3, characterized by long duration of action potentials leading to high 

levels of cytosolic calcium (Bean, 2007). It is postulated, that high calcium levels 

in these cells leads to increased sequestration of calcium by the endoplasmic 

reticulum and mitochondria, causing high metabolic rates in these neurons, since 

calcium transport is ATP dependent. Thus, mutations in the genes that encode 
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proteins that are involved in modulation of endoplasmic reticulum stress, 

mitochondrial stress, and mitochondrial energy production would lead to selective 

death of dopaminergic neurons (Chan et al., 2009).  

CaV1.3 channels also contribute to mitochondrial oxidative stress, resulting 

in calcium-dependent cell death and high levels of stress in the substantia nigral 

cells, including high levels of mitochondrial DNA damage (Guzman et al., 2015). 

Furthermore, vulnerable dopaminergic cells may express lower levels of calcium 

buffering proteins, including calbinding-D28 and calreticulin (Gonzalez-Hernandez 

et al., 2009). Not surprisingly, Parkinson’s patients have higher levels of CaV1.3 

and differential expression of calcium buffering proteins compared to unaffected 

individuals (Hurley et al., 2013). Overall, L-type channel subtypes, calcium 

buffering capacities, and pathways which modulate calcium levels in dopaminergic 

cells and excitotoxicity (glutamatergic, and GABAergic) influence the vulnerability 

of the substantia nigral cell population leading to selective neuronal loss 

(Gonzalez-Hernandez et al., 2009).  

 

Disturbed Dopamine Homeostasis or High Dopamine Turnover? 

Dopamine toxicity is well established. Dopamine, under physiological 

conditions, can autoxidize and lead to quinone formation, a strong electrophile, 

and capable of generating reactive oxygen species. Substantia nigra have high 

levels of dopamine (Sulzer and Zecca, 2000) and low levels of antioxidants 

(Venkateshappa et al., 2012). In PC12 and SH-SY5Y cell lines, dopamine 
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oxidation can lead to inhibition of mitochondrial complex I function, and a decrease 

in ATP production (Ben-Shachar et al., 2004,Jana et al., 2011). Dopaquinone can 

also form adducts with complex I, III, and IV in the electron transport chain, further 

reducing ATP production and leading to mitochondrial DNA damage (Van Laar et 

al., 2009). Dopamine also forms adducts with actin, tubulin, UCHL1, parkin and 

other cysteine containing proteins (Segura-Aguilar et al., 2014a). Along with 

oxidative stress, dopamine metabolism generates 3,4-

dihydroxyphenylacetaldehyde (DOPAL), which can bind to sulfhydryl groups of 

proteins and antioxidants of the cells (both binding of quinone and aldehyde 

moiety), and result in proteotoxic stress and cellular thiol content depletions (Rees 

et al., 2009,Goldstein et al., 2013). The age-dependent accumulation of the 

quinone proteins occurs in vitro, and in vivo in substantia nigra of rats (Wang et 

al., 2011a), which may be the best indication of the selective vulnerability of 

substantia nigra pars compacta to dopamine quinones. 

Parkinson’s patients have decreased levels of the dopamine transporter 

and the vesicular monoamine transporter both at the substantia nigra level and at 

a single cell level (Harrington et al., 1996). Parkinson’s patients also exhibit severe 

loss of vesicular monoamine transporter function (Pifl et al., 2014). Thus, some 

neuroscientists consider Parkinson’s disease a dopamine storage disorder. 

However, it is unknown whether these changes precede neuronal loss, or are due 

to neuronal dysfunction. Pharmacological inhibition of vesicular monoamine 

transporter or decreased expression can lead to Parkinson’s disease phenotype 

in animal models (Caudle et al., 2007,Fernandes et al., 2012). Yet no vesicular 
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monoamine transporter mutations have been associated with increased risk of 

Parkinson’s disease, possibly due to the fact that knockout of the protein is lethal 

(Wang et al., 1997). The lethality is not surprising, since the protein not only 

modulates dopamine transport to vesicles, but also modifies transport of other 

catecholamines, indolamines, and acetylcholine. However, gain of function 

polymorphisms in the vesicular monoamine transporter which are associated with 

decreased risk of developing Parkinson’s disease and are protective against 

dopamine induced toxicity (Brighina et al., 2013,Glatt et al., 2006,Lohr et al., 2014). 

Interestingly, reduction of vesicular monoamine transporter function in 

serotonergic cells does not cause serotonergic neurotoxicity (Alter et al., 2016), 

hence it is logical that dopamine per se is the major toxicant. However, the role of 

dopamine remains heavily disputed in Parkinson’s disease, and is considered by 

some as “beating a dead horse” (Ahlskog, 2007), but it is preposterous to dismiss 

years of peer-reviewed research due to unexplained or misinterpreted disease 

mechanisms. 

Dopamine metabolism may play a more central role in dopamine-induced 

toxicity of substantia nigra cells. As noted previously, dopamine and its metabolites 

are toxic to cells. Monoamine oxidases metabolize dopamine to the aldehyde 

metabolite (DOPAL), an established neurotoxicant, and simultaneously causes 

oxidative stress (Goldstein et al., 2013). Inhibition of monoamine oxidases is 

protective against Parkinson’s disease and Parkinson’s disease inducing agents, 

such as amphetamine (Naoi and Maruyama, 2009,Leonardi and Azmitia, 1994). 

Polymorphisms in monoamine oxidase type B have also been correlated with 
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increased risk of Parkinson’s disease (Mellick et al., 1999), however these studies 

were disputed due a large variability and poor replication of results (Pankratz and 

Foroud, 2004). However, more recent population studies and meta-analyses 

showed a significant relationship between some of the monoamine oxidase type B 

polymorphisms and increased risk of developing Parkinson’s disease (Liu et al., 

2014,Kang et al., 2006). To the author’s surprise no monoamine oxidase type A 

polymorphisms have been associated with Parkinson’s disease, since type A is 

more specific to catecholaminergic cells and type B is more specific to serotonergic 

cells, histaminergic cells, and astrocytes (Segura-Aguilar et al., 2014b). It is 

possible that the astrocyte type B monoamine oxidase has a more drastic 

protective and/or damaging role in the generation of Parkinson’s disease. 

Aldehyde and alcohol dehydrogenases catalyze the irreversible oxidation 

of 3,4-dihydroxyphenylacetaldehyde (DOPAL) to a less toxic metabolite 3,4-

dihydroxyphenylacetic acid. Higher levels of expression of aldehyde and alcohol 

dehydrogenase enzymes have been reported in dopaminergic cells, leading to 

augmented protection against DOPAL neurotoxicity. Evidence suggests that both 

enzymes are highly implicated in the onset of  Parkinson’s disease and other 

dopaminergic related disorders, suggesting aldehyde quinone as the major 

toxicant (Marchitti et al., 2008). Although polymorphisms in both dehydrogenases 

are associated with increased risk of Parkinson’s, these studies are considered 

unreliable (Buervenich et al., 2000,Buervenich et al., 2005,Tan et al., 2001,Zhang 

et al., 2015). The inconsistency in the findings may be due to lack of consideration 

of other factors that play a role in Parkinson’s disease, such as the environment. 
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Recent studies investigating environmental pesticide exposure and aldehyde 

dehydrogenase polymorphisms, found a more concrete evidence for a link 

between aldehyde dehydrogenase polymorphisms and Parkinson’s disease 

(Burke et al., 2014,Fitzmaurice et al., 2014). As such, it is in the best interests of 

researchers not to ignore the multifactorial aspects of Parkinson’s disease.  

There are multiple mechanisms by which dopaminergic cells reduce 

dopamine-induced toxicity. In addition to high levels of dehydrogenase enzymes 

(Marchitti et al., 2008), dopaminergic cells form protein complexes with dopamine-

synthesizing and -transporting enzymes to reduce cytosolic dopamine levels. 

Tyrosine hydroxylase and aromatic amino acid decarboxylase (L-DOPA 

decarboxylase), major enzymes involved in the synthesis of dopamine, form a 

complex with the vesicular monoamine transporter. Thus, upon completion of 

dopamine synthesis, the vesicular monoamine transporter immediately loads the 

newly synthesized dopamine into storage vesicles to prevent its accumulation in 

the cytosol (Cartier et al., 2010). Furthermore, dopamine transporter interacts with 

synaptogyrin-3 (vesicular protein) on the membrane in a similar fashion, forming 

complexes with the vesicular monoamine transporter, preventing accumulation of 

dopamine in the cytosol (Egana et al., 2009). The overall effect of these actions is 

facilitation of dopamine re-uptake from the extracellular space directly into the 

vesicle. 

The level of dopamine turnover itself may be one of the major factors 

underlying the vulnerability of substantia nigra cells to dopamine. As noted, 

substantia nigra cells have a pacemaker activity with longer and more frequent 
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action potentials compared to other dopaminergic cells elsewhere, such as 

hypothalamus (Bean, 2007). Moreover, the substantia nigra cells produce large 

quantities of dopamine which accumulates in the form of neuromelanin (Sulzer and 

Zecca, 2000), a polymer of dopamine structurally similar to melanin. Although 

other areas of the brain contain small amounts of neuromelanin, the most 

prominent pigmentation is seen in the substantia nigra (Saper and Petito, 1982), 

hence, the name nigra (black). Unlike other melanins, neuromelanin is produced 

nonenzymatically, through the autoxidation of cytosolic dopamine (Fedorow et al., 

2005). In summary, the high dopamine turnover and dopamine toxicity, in 

combination with other factors, place substantia nigra cells under high 

physiological stress levels compared to other cell types. This stress becomes more 

profound when considering that different populations of substantia nigra cells have 

differential levels of protective mechanisms, making some populations even more 

susceptible to death compared to others. 

 

Chaos of Neuromelanin and Quinone Chemistry 

Neuromelanin is a polymer pigment, which can continue to polymerize and 

turn into large insoluble macromolecules. Neuromelanin is found in large quantities 

in dopaminergic cells of the substantia nigra and, to a lesser extent, in the 

noradrenergic cells of the locus coeruleus, the principal site for brain synthesis of 

norepinephrine (Fedorow et al., 2005). Humans and primates are the species with 

the largest quantities of neuromelanin, while other vertebrates have much smaller 
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levels, with almost undetectable levels in laboratory rodents (MARSDEN, 

1961,MARSDEN, 1965). The species specificity makes the study of the role of 

neuromelanin in the generation of Parkinson’s disease complicated. Indeed, both 

the main function and the chemical structure of neuromelanin remain not fully 

elucidated. 

Neuromelanin has similarities in structure to melanin, the oldest pigment 

known to scientists, and which can be detected in the oldest of fossils, due to its 

stability. Naturally, melanin is found in animals, plants, fungi, and even bacteria 

and other single cell organisms, and may become a biomarker for life (Glass et al., 

2012). In melanocytes, melanin is formed enzymatically by tyrosinase, tyrosine 

hydroxylase, aromatic acid decarboxylase, and is under tight control by other 

enzymes, with precursors including tyrosine, L-Dopa, dopamine, norepinephrine, 

epinephrine, and thiols, including cysteine (Canovas et al., 1982). Upon completion 

of synthesis, melanin is stored in small double membrane granules (~800 nm in 

size) and transported to different cell types. Due to the sheer size of the melanins, 

the lower molecular weight precursors are primarily studied for chemical structure 

(Fedorow et al., 2005).  

The melanosome’s low pH may be the main factor controlling the precise 

production of melanin (Brilliant and Gardner, 2001,Ancans et al., 2001,Canovas et 

al., 1982). In the skin and other pigmented cells (e.g. retina cells), melanin mainly 

plays a protective role, absorbing UV light, participating in chelation of metals, and 

acting as an antioxidant (Krol and Liebler, 1998,Sarna et al., 2003). Melanin levels 

in the skin are inversely correlated with risk of skin cancer; however, the effects 
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are most likely due to protection from UV light (Tadokoro et al., 2003). Melanin is 

a very stable molecule, and its degradation is controlled by oxidative attack by 

phagosomal NADPH oxidase (Borovansky and Elleder, 2003). Yet, since the 

precise biochemical pathway for breakdown of melanin has not been established, 

further research is needed in this area.  

Unlike ubiquitous melanin, neuromelanin is only found in a few small brain 

regions. Similarl to melanin, the precursors to neuromelanin are tyrosine, L-Dopa, 

dopamine, norepinephrine, and thiols, yet, despite notable similarities, 

neuromelanin synthesis appears to be nonenzymatic, and more unregulated as it 

occurs at physiological pH (~7.4). Neuromelanin may be generated by autoxidation 

of the precursors to quinones and polymerization of the generated quinones with 

addition of thiols, peptides, and lipids (Okun, 1997,Sulzer et al., 2000a), although 

tyrosine hydroxylase, peroxidases, and other oxidizing enzymes may also play a 

role. The chaos in neuromelanin and quinone chemistry comes from physiological 

pH. Dopamine autoxidizes in a pH-dependent manner, with pH ~5 yielding 

dopamine the most stable (vesicular pH) under cellular conditions. At physiological 

pH, and/or higher, the protons dissociate from the hydroxyl groups to form an 

electrophilic quinone (Linert et al., 1996,Canovas et al., 1982). Due to the 

ionization state of the quinone, it is reactive at physiological pH, and can react with 

any carbon on other quinones and/or all the precursors, yielding the reactions 

unpredictable compared to melanin synthesis, which only occurs under acidic 

conditions. Similar to melanin, neuromelanin is stored in double membrane 

granules where it accumulates (Zecca et al., 2001).  
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In humans, neuromelanin is absent at birth, and becomes detectable 

around the age of 5 or earlier (Zecca et al., 2002). It is postulated that the inability 

of infants to have fine motor control may be due to a lack of dopamine, and as we 

age dopamine production increases; improving control of fine motor movement 

and concomitant accumulation of neuromelanin. During ageing, in the healthy 

brain, neuromelanin levels decrease in the substantia nigra (loss of dopaminergic 

neurons). However, neuromelanin accumulates at the single cell level at the same 

time as -synuclein accumulates (Xuan et al., 2011a). Recently, neuromelanin 

granules have been suggested to be autophagic vacuoles produced by 

overproduction of dopamine and dopaquinone polymers associated with multiple 

proteins, including -synuclein (Munoz et al., 2012).  

The main function of neuromelanin remains unclear, but like melanin it is 

considered to play a protective role, as a toxin chelator, metal chelator, and an 

antioxidant. The antioxidant properties of neuromelanin are attributed to its ability 

to bind quinones, and to buffer reactive oxygen species and/or oxidative stress 

(Sulzer and Zecca, 2000,Venkateshappa et al., 2012). For example, neuromelanin 

binds paraquat (a redox cycling pesticide), MPTP (a selective dopaminergic 

neurotoxicant) and other toxicants, incorporating them into the granules (Lindquist 

et al., 1988,D'Amato et al., 1986,Ostergren et al., 2004). Neuromelanin has a 

remarkable ability to assimilate iron, copper, zinc, and lead, in a redox inactive 

state (Zecca et al., 2008). Neuromelanin also traps multiple proteins including 

ferratin, an iron storage protein (Tribl et al., 2009), which may be one of the iron 

chelation mechanisms besides direct binding of it to iron. It is thought that the 
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accumulation of toxicants, metals, and potentially toxic proteins by neuromelanin 

may be one of the underlying mechanisms of late onset Parkinson’s. As the 

chelation capacities of neuromelanin diminish, these toxicants are released and 

metals again become redox active, leading to cell death (Lindquist et al., 

1988,Linert et al., 1996,Munoz et al., 2012,Ostergren et al., 2004,Venkateshappa 

et al., 2012,Zecca et al., 2008,Zucca et al., 2014).  

In addition to cell death, the liberated toxicants that are no longer 

sequestered by neuromelanin, and neuromelanin itself activate microglia, the 

immune resident cells of the brain. Activated microglia consequently release 

tumor-necrosis factor-interleukins, and reactive nitrogen/oxygen species, 

leading to gliosis (sustained glial activation) and exacerbate damage to surviving 

cells (Zhang et al., 2011,Zhang et al., 2013,Wilms et al., 2003). The substantia 

nigra contains one of the highest number of microglial cells in the brain (Kim et al., 

2000), thus contributing an additional  vulnerability to dopaminergic neurons in this 

brain area. In summary, neuromelanin plays a protective role in the brain until 

constitutive defense mechanisms decline. As the brain ages, the accumulated 

toxicants are liberated, leading to further cellular damage and neuronal loss. 

 

Environmental Arsenic Exposure and Neurodegenerative Disease 

Arsenic is a metalloid element, present in soil, groundwater and 

bioaccumulated in living organisms, including human food sources. The toxicity of 
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arsenic has been recogmizeded for thousands of years, and became known to 

Europeans after the conquests of Alexander the Great (Bolt, 2013). 

Arsenic is used as strengthening additive in copper and lead alloys, as a 

semiconductor in electronics, and in the production of pesticides (Grund et al., 

2008). Arsenic is found naturally in the soil at a concentration of 1.5 ppm (1.5 mg/L) 

and in seawater at a concentration 1000 times less (Emsley, 2001). The main route 

of human exposure is from drinking contaminated water and food, via inhalation, 

and via occupational exposure. The World Health Organization set a limit of 10 

ppb (10 ug/L) arsenic as the safe human exposure limit in drinking water and food 

sources. However, geographically some populations experience greater exposure 

levels. For example, some regions of Bangladesh and India have drinking water 

concentrations above 500 ppb (exact value is 579 ug/L), which exceeds suggested 

safe exposure levels by more than 50 times (Rahman et al., 2015). By comparison, 

in the United States per Environmental Protections Agency’s guidelines, levels of 

arsenic in drinking water may not exceed 10 ppb (10 ug/L) since 2001 

(https://www.epa.gov/dwreginfo/chemical-contaminant-rules). 

Arsenic is absorbed by inhalation, ingestion, and dermally, after which it 

bioaccumulates in the liver, kidneys, heart and lungs, and to a lesser extent in the 

neurons and muscles (Klaassen, 1996). Accumulation of arsenic in tissue may 

lead to cancer, cardiac dysfunction, diabetes, hepatotoxicity, and neurotoxicity.  

Arsenic is metabolized through multiple reduction and methylation steps by 

arsenate reductase, arsenic (III) methyltransferase, and glutathione-S-transferase 

O-1; utilizing glutathione as a reducing agent and S-adenosyl methionine as a 

https://www.epa.gov/dwreginfo/chemical-contaminant-rules
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methyl donor. The metabolic steps generate methylarsonite and dimethylarsinite, 

the more toxic trivalent species, and methylarsonate and dimethylarsinate, the less 

toxic pentavalent species (Figure 1.3). Arsenic and its metabolites are excreted 

through the urine, with some metabolites having a half-life of up to 9 days (Drobna 

et al., 2009). Arsenic and its metabolites are known to inhibit and/or modulate more 

than 200 enzymes, which may play a role in energy production pathways, cellular 

survival pathways, and DNA maintenance and repair pathways (Singh et al., 

2011). The following paragraphs will focus on arsenic-induced neurotoxicity. 

 

Arsenic Induced Neurotoxicity 

Arsenic freely crosses the blood brain barrier and being metabolized in the 

brain to its more toxic species. Arsenic can accumulate in multiple brain regions, 

including the cerebellum, cortex, hippocampus, hypothalamus, and caudate 

putamen of the rat brain. Arsenic can also reduce cellular thiol content and 

negatively modulate enzymes involved in cellular antioxidant activity (Shila et al., 

2005a,Shila et al., 2005b). The main mechanism of arsenic neurotoxicity may be 

due to the generation of reactive oxygen species and the consequences thereof 

(Dwivedi and Flora, 2011). Although arsenic is not a selective dopaminergic 

neurotoxicant, it can cause oxidative DNA damage and Parkinsonian like 

symptoms (Felix et al., 2005,Yip et al., 2002). The selectivity is due to the 

vulnerability of substantia nigra neurons, a reoccurring theme in Parkinson’s 

disease research. There is growing evidence that arsenic-based pesticide 
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exposure leads to an increased risk of developing Parkinson’s disease (Elbaz et 

al., 2009). Concurrent arsenic exposure with dopamine also leads to synergistic 

neurotoxicity in vitro (Shavali and Sens, 2008). 

Arsenic also activates the JNK3 and the p38 mitogen-activated protein 

kinase pathways, leading to increased apoptosis (Vahidnia et al., 2008). Arsenic 

can destabilize cytoskeletal integrity through reduction of actin and microtubules, 

and simultaneously it can decrease myelin content, leading to axonal degeneration 

(Aung et al., 2013,Vahidnia et al., 2008,Zarazua et al., 2010). Furthermore, arsenic 

also has the potential to decrease neurotransmitter levels in the brain, including 

dopamine, norepinephrine, serotonin, acetylcholine, and glutamate (Kannan et al., 

2001,Rodriguez et al., 2002,Srivastava et al., 2014,Yadav et al., 2010a,Yadav et 

al., 2011). The cognitive and behavioral deficits due to arsenic exposure have been 

demonstrated both in laboratory animals and in humans (Edwards et al., 2014,Luo 

et al., 2009,Tsai et al., 2003). Further, Edwards et. al. (2014) demonstrated that 

the cognitive effects of arsenic are more pronounced due to polymorphisms in 

arsenic (III) methyltransferase. Interestingly, some of the neurological effects of 

arsenic may occur as a result of a single exposure, yet remain detectable more 

than 8 years after ingestion (Le Quesne and McLeod, 1977). Overall, 

environmentally relevant levels of arsenic exposure may initiate cellular changes, 

leading neurodegeneration, effects of which may be due to transient arsenic 

exposure but last a lifetime. 
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Purpose  

Over the last two decades -synuclein has emerged as a critical 

component of neurodegenerative diseases, specifically synucleinopathies, 

including Parkinson’s disease, Dementia with Lewy bodies, and Multiple System 

Atrophy. Additionally, there is an overlap between synucleinopathies and 

taupathies, including Alzheimer’s disease, with the most compelling evidence 

derives from human genetics studies where the mutations in the SNCA gene 

encoding -synuclein cause increased risk of developing Parkinson’s disease 

and other synucleinopathies. Although scientific interest surrounding -synuclein 

has dramatically increased over the last decade, many disease-causing 

mechanisms remain unclear. More importantly, the interaction of -synuclein with 

endogenous and exogenous factors and consequences thereof remain elusive. 

The purpose of this dissertation was to employ multiple model systems to 

study the effects of dopamine (endogenous factor) interactions with -synuclein, 

and the effects of arsenic (exogenous factor) interactions with -synuclein. The 

first goal of the dissertation was to detect dopamine and levodopa induced post-

translational modifications of -synuclein. Initial step towards this goal required 

the synthesis of dopamine thiol-conjugates which limit the complexity of 

dopamine reactions. In Chapter 2, we performed studies mainly in a test tube 

model, to determine the interaction of -synuclein with dopamine, levodopa, and 

their conjugates. We demonstrated the different effects of dopamine, levodopa 

and their thiol-conjugates on -synuclein. Moreover, we demonstrated how 
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manipulation of -synuclein residues, and dopamine and levodopa reactive sites 

significantly changed -synuclein oligomerization/aggregation properties. The 

second goal of the dissertation was to study arsenic-induced cellular changes, 

which contribute to the development of synucleinopathies and eventually to 

neurodegenerative disease. 

In Chapter 3, we utilized cell culture and animal models to reveal arsenic 

induced changes in -synuclein behavior, and changes in cellular stress levels 

due to arsenic exposure.  We demonstrated that in vitro, environmentally relevant 

levels of chronic arsenic exposure leads to elevated cellular stress levels, 

resulting in accumulation of -synuclein oligomers. Immunocytochemistry, 

coupled to fluorescent microscopy and Western blots was used to document 

arsenic induced cellular stress and the degree of -synuclein oligomerization. 

Further, in the in vivo model, we demonstrated how transient arsenic exposure in 

young animals may lead to pathological changes in the brain, which can still be 

visualized at geriatric age, after animals were kept exposure free for more than a 

year. Immunohistochemistry coupled with light microscopy, Western blots, and 

behavioral studies, were performed on animals and animal tissue to demonstrate 

the degree of changes observed after transient arsenic exposure.   

In appendix A, we examined the role of the vesicular monoamine 

transporter in the serotonergic neurotoxicity of 3,4-(±)-methylenedioxy-

methamphetamine (MDMA). The studies revealed that inhibition of the vesicular 

monoamine transporter concomitant with MDMA administration, and/or after 



 

 

68 
 

MDMA administration, does not protect against long-term serotonergic 

neurotoxicity. Thus, the protective effects of the vesicular monoamine transport 

blocker, Ro 4 1284, are most likely due to its monoamine depleting effects prior 

to MDMA administration, and are not due to direct inhibition of vesicular 

monoamine transporter function.  

In summary, we demonstrated distinct patterns of dopamine- and 

levodopa-thiol-conjugate induced -synuclein oligomerization/aggregation. 

Remarkably, we also demonstrated the ability of transient arsenic exposure to 

lead to the development of -synuclein oligomers and its contributions to 

neurodegenerative disease. Combined, these studies provide a deeper 

understanding of dopamine and levodopa induced post-translational modification 

of -synuclein, and identify novel mechanisms of how environmental arsenic 

exposure may facilitate the generation of synucleinopathies and neurotoxicity. 
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Figure 1.1 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

70 
 

Figure 1.1: Dopamine synthesis pathway. Dopamine can be directly 

synthesized from phenylalanine or tyrosine. The rate-limiting step is the 

generation of L-Dopa from tyrosine by tyrosine hydroxylase. L-Dopa is converted 

to dopamine by aromatic amino acid decarboxylase, also known as L-Dopa 

decarboxylase. Subsequently, norepinephrine or epinephrine can be further 

synthesized from dopamine.  
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Figure 1.2 
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Figure 1.2: Pathways of dopamine degradation. Dopamine can be methylated 

by catechol-O-methyltransferase or metabolized to its toxic aldehyde species 

(DOPAL) by monoamine oxidase (type A or B). During DOPAL formation, 

reactive oxygen species are generated. The aldehyde is a substrate for aldehyde 

dehydrogenase, producing homovanillic acid. 
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Figure 1.4 
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Figure 1.4: Dopamine and -synuclein in Parkinson’s disease. -Synuclein 

inhibits dopamine synthesis via inhibition of tyrosine hydroxylase and aromatic 

amino acid decarboxylase, the main enzymes involved in dopamine synthesis. 

When dopamine is synthesized or transported to the cell, it is stored in vesicles 

under low pH, rendering dopamine less reactive. Cytosolic dopamine can 

autoxidize and form dopaquinone, at the same time generating reactive oxygen 

species. Dopaquinone crosslinks -synuclein, which leads to generation of toxic 

oligomers, that inhibit chaperone mediated autophagy, mitochondrial function, 

cellular stress and eventually cell death. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

75 
 

Figure 1.5 
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Figure 1.5: Schematic of arsenic metabolism. Pentavalent arsenic can be 

reduced by glutathione to a more toxic trivalent form in a reaction catalyzed by 

arsenic reductase. Arsenic can also be methylated by arsenic (III) 

methyltransferase, and reduced a second time. The process generates both 

pentavalent and trivalent methyl and dimethyl arsenicals 
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Figure 1.6 
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Figure 1.6: Dopamine, -synuclein, and arsenic in Parkinson’s disease. 

Arsenic acts on the same stress pathways as dopamine and -synuclein. 

Environmental arsenic exposure may lead to inhibition of autophagic flux, 

generation of reactive oxygen species, decrease cellular thiol content, and cause 

mitochondrial damage.  Thus, exposure to arsenic may have detrimental effects 

on cellular viability.  
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CHAPTER 2 

 

 

 

 Dopamine and Levodopa (L-Dopa) 

Induced Post-Translational Modifications of 

-Synuclein 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

80 
 

Abstract: 

-Synuclein plays a central role in synucleinopathies and comprises the 

major component of aggregates present in Lewy Bodies, a major hallmark of 

Parkinson’s disease. Moreover, dopamine mediated α-synuclein post-translational 

modifications play an important role in the etiology of the disease, although the 

consequences of such post-translational modifications remain the subject of 

debate. The dopamine precursor, levodopa (L-Dopa), remains the drug of choice 

for the treatment of Parkinson’s disease. We therefore compared the effects of L-

Dopa and dopamine on α-synuclein aggregation. Western blot analysis of L-Dopa 

and dopamine-modified α-synuclein revealed that both compounds stimulated α-

synuclein aggregation, although the pattern of the post-translational modifications 

differed. MALDI-TOF analysis of dopamine-modified α-synuclein revealed an 

addition of 4.5 kDa to the α-synuclein monomer, and up to 9 kDa to the dimer, 

suggesting poly-dopamine interactions with α-synuclein, crosslinking of protein, 

and aggregation of α-synuclein. Since there are no cysteine residues in α-

synuclein, modification by dopamine and/or L-Dopa primarily involves either 

oxidation of methionine or adduction of amino groups in lysine (K). We have 

previously shown that quinones preferentially form adducts with K-rich proteins, 

and in particular with proteins expressing KXK or XKKX motifs, such as α-

synuclein. Acetylating α-synuclein-K residues, and peptides containing the KXK or 

XKKX motifs substantially ameliorated dopamine-induced α-synuclein 

aggregation. Dopamine and L-Dopa were conjugated with GSH and/or NAC, 

removing one of the reactive sites from the aromatic ring, which greatly limits the 
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potential for post-adduction chemistry, and reduces the complexity of the 

subsequent MS analysis. Mono-thiol conjugates of dopamine oxidize and generate 

α-synuclein adducts in a pH-dependent manner similar to dopamine, but fail to 

generate large α-synuclein aggregates. However, L-Dopa conjugates seem to 

generate higher number of large α-synuclein aggregates. The findings reveal that 

scavenging of L-Dopa and dopamine quinones by cysteine and/or GSH has 

profound effects on their interaction with α-synuclein, and on subsequent 

aggregation reactions. Thiol modulation of α-synuclein post-translational 

modifications and of α-synuclein aggregation suggests potential interventions to 

alleviate α-synuclein-dependent cytotoxicity.  
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Introduction 

α-Synuclein is a small neuronal prion-like protein, that is upregulated in 

synapses (Brandel et al., 2015). The discovery that α-synuclein is the main 

component of Lewy bodies generated immense interest in α-synuclein (Jellinger, 

2011). Lewy bodies are the main pathological hallmarks of synucleinopathies, 

including Parkinson’s disease, Dementia with Lewy Bodies, and Multiple System 

Atrophy, all of which are considered prion-like disorders (Brandel et al., 2015). 

Lewy bodies are initially formed as a protective mechanism against intracellular 

protein aggregates, and are referred to as aggrosomes (Tanaka et al., 2004a). As 

the protein aggregates accumulate, the aggrosome becomes larger, and is 

referred to as a Lewy body.  

Single nucleotide substitution in the  α-synuclein gene, SNCA, was the first 

single nucleotide mutation discovered in familial forms of Parkinson’s disease 

(Polymeropoulos et al., 1997). The loss of dopaminergic neurons of substantia 

nigra pars compacta is the cause of motor and cognitive manifestations of 

Parkinson’s disease, with both α-synuclein and dopamine considered as major 

players in progression of the disease. The main function of α-synuclein is poorly 

understood, however, it appears to play a role in dopamine homeostasis. Thus, α-

synuclein inhibits tyrosine hydroxylase activity (Perez et al., 2002b), the rate 

limiting enzyme in dopamine synthesis, decreases tyrosine hydroxylase 

expression levels (Yu et al., 2004), and prevents aromatic L-amino acid 

decarboxylase (Dopa decarboxylase, AADC) from converting Levodopa (L-Dopa) 

to dopamine (Tehranian et al., 2006). 
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Dopamine plays a central role in the progression of Parkinson’s disease. 

Intracellular dopamine is transported to acidic vesicles (pH ~5.5) by vesicular 

monoamine transporter (VMAT), where it is in a stable state, and is protected from 

oxidation. At the physiological pH of the cytoplasm, dopamine can auto-oxidize 

and form ortho-quinone species (Segura-Aguilar et al., 2014b), which are 

considered the source of macromolecular neuromelanin in the substantia nigra, 

and which accumulates during aging (Zucca et al., 2014). Indeed, the substantia 

nigra pars compacta is one of the main regions of the brain that exhibits 

neuromelanin formation (Sulzer et al., 2000b). Neuromelanin plays a protective 

role in metal ion chelation within dopaminergic neurons, and is stored in 

autophagic vacuoles. It is proposed that disruption of dopamine homeostasis leads 

to increases in quinone formation resulting in an inability of the cell to process the 

toxic electrophile. Such electrophilic quinones subsequently increase cellular 

oxidative stress and react with cellular nucleophiles (Zecca et al., 2006). 

Additionally neuromelanin accumulation coincides with increases in the expression 

of α-synuclein (Xuan et al., 2011b). 

 The interaction between dopamine and α-synuclein contributes greatly to 

the development and progression of Parkinson’s disease. Transgenic mice 

sustaining only 5% VMAT activity (VMATLO), exhibit motor and pathological 

symptoms of Parkinson’s disease during adulthood, and exhibit intracellular 

inclusions similar to Lewy bodies (Taylor et al., 2011). Although there are extensive 

investigations on the dopamine-α-synuclein interactions, there are few studies 

characterizing these interactions and/or on the structural characterization of the 
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dopamine adducts of α-synuclein. Dopamine binds to α-synuclein and prevents 

the fibrillization of α-synuclein, leading to oligomer formation, which occurs via the 

crosslinking of α-synuclein by dopamine, resulting in the development of toxic α-

synuclein species (Conway et al., 2001b).  Crosslinking occurs between 

nucleophillic amino groups of α-synuclein and the electrophilic dopamine quinones 

(Li et al., 2005a). Aggregated α-synuclein fails to inhibit tyrosine hydroxylase 

function (Alerte et al., 2008) and by relieving the inhibition on dopamine synthesis, 

dopamine modified α-synuclein may subsequently stimulate the biosynthesis of 

dopamine which can ultimately adducts even more α-synuclein.  

We hypothesize that modification of α-synuclein by dopamine, specifically 

at the N-terminus Ks of the protein, causes disruption of dopamine homeostasis, 

leading to accumulation of dopamine-α-synuclein oligomers. The nature of these 

interactions remain elusive and studies to date have failed to pinpoint specific 

residues on α-synuclein which interact with dopamine. Dopamine oxidation and 

polymer formation, and chelation of cellular cysteines, and/or other nucleophiles 

leads to complex and unpredictable products. The complexity of these products is 

even more confounded by the fact that dopamine and its metabolites have the 

ability to crosslink proteins. To overcome these complexities, dopamine 

conjugates were generated by reaction of oxidized dopamine with N-

acetylcysteine (NAC) and/or glutathione (GSH). Upon oxidation and indole 

formation the thiol conjugates have only one reactive site , resulting in inhibition of 

protein crosslinking. 
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  Previous work has revealed the importance of dopamine-α-synuclein post-

translational modifications but without a basic understanding of the underlying 

chemistry and of the functional consequences of dopamine-α-synuclein post-

translational modifications at specific sites on the protein. The present study 

provides insights into the chemistry of α-synuclein post-translational modifications 

and a more complete understanding of α-synuclein oligomerization, and potential 

interventions to limit such reactions. It is essential to bridge the gap between the 

basic chemistry and biochemistry of dopamine induced α-synuclein post-

translational modifications and of the subsequent pathological alterations. 

 

Material and Methods 

Chemicals: Dopamine-HCL, N-acetylcysteine, glutathione, acetylsalicylic acid, 

and acetic anhydride were purchased from Sigma Chemicals Co (St Louise, 

Missouri). Sodium periodate was obtained from EMD Chemicals Inc. (Gibbstown, 

New Jersey). α-Synuclein was obtained from rPeptide LLC. (Bogart, Georgia). 

Primary antibody against α-synuclein (TA300914) was a product of OriGene 

Technologies Inc. (Rockville, Maryland). Secondary antibody raised against rabbit 

was puchased from Santa Cruz Biotechnology Inc. (Dallas, Texas). XT sample 

buffer (4x) was a product of Biorad Laboratories Inc. (Hercules, California). Hyper 

films used for Western blots were purchased from Amersham Life Science (United 

Kingdom). Amicon Ultra-0.5 mL Centrifugal Filters with 100 kDa and 10 kDa 
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molecular weight cutoffs and C-18 Zip Tips were obtained from Millipore 

Corporation (Billerica, Massachusetts).  

Termination of Oxidized Dopamine Reactions: Dopamine was oxidized with a 

1:1 molar ratio of sodium periodate. The resulting dopaquinone was mixed with a 

30:1 molar ratio of α-synuclein (6.9 µM) in 10 mM tris- buffered saline (TBS, pH 

7.5). The solution was incubated at 37C and samples were collected every 10 

minutes, from time 0 to 2 hours. Reactions were terminated using a 5X molar 

excess of NAC to dopamine, or 0.05% TFA (final concentration), or by freezing in 

liquid nitrogen. Samples were analyzed by Western blot for oligomer formation. 

Synthesis and Purification of Dopamine and L-Dopa Conjugates: Mono- and 

Bis-dopamine-N-acetylcysteine (M-dopamine-NAC, B-dopamine-NAC) and Mono- 

and Bis-dopamine-glutathione (M-dopamine-GSH, B-dopamine-GSH) were 

synthesized by oxidation of 100 mg of dopamine by 10 mg sodium meta periodate 

in 3 ml 0.1 % TFA. Immediately after oxidation of dopamine, NAC and/or GSH, (4 

times molar excess) was added to the solution, which was incubated on a shaker 

at room temperature for 30 minutes. For the synthesis of L-Dopa conjugates, 10 

mg of L-Dopa was oxidized by 3 mg sodium meta periodate in 3 ml of 0.1 % TFA. 

Immediately following the oxidation step, NAC and or GSH was added to the 

solution (4 times molar equivalent), and incubated on a shaker at room 

temperature for 30 minutes. After incubation, conjugates were purified by reverse 

phase HPLC (Shimadzu USA Manufacturing Inc.) with a Beckman Ultrasphere 

ODS 5-µm particle size, 10 mm X 250 mm column (Beckman Coulter Inc. Fullerton, 

California). The mobile phase consisted of 10% methanol and 0.9% acetic acid for 



 

 

87 
 

purification of the NAC conjugates and 5% methanol and 0.9% acetic acid for the 

GSH conjugates, at a flow rate of 2 ml/min. Peaks corresponding to thiol-

conjugates were identified and isolated. Isolates were rotovaped for 10 minutes for 

removal of methanol, and freeze dried overnight. The identity of all conjugates was 

confirmed by mass-spectroscopy. Samples were analyzed in full scan mode with 

an ABI/SCIEX 4000 QTRAP hybrid triple-quadrupole linear ion trap mass 

spectrometer (Applied Biosystems, Foster City, California) controlled by Analyst 

1.5.1 Software. 

pH Dependent Oligomer Formation and Acetylation of α-Synuclein: α-

synuclein (6.9 µM), was incubated with dopamine, L-Dopa and/or their conjugates, 

at a 30X molar excess of α-synuclein in Tris buffer saline, increasing in pH 

increments of 0.2 from pH 5.8 to pH 8.2. Samples were incubated at 37˚C for 24 

hours, and subsequently analyzed by Western blot. For acetylation of α-synuclein, 

6.9 µM of the protein was incubated with increasing concentrations of 

acetylsalicylic acid (up to 60X molar excess) and/or acetic anhydride (up to 30x 

molar excess) in Tris-buffered saline (pH 7.4) for 24 hours at 37˚C. After 

incubation, dopamine (30X molar excess) was added to the solution and incubated 

for another 24 hours at 37˚C. Samples were analyzed by Western blot for oligomer 

formation and MALDI-TOF for α-synuclein acetylation. 

Nucleophilic Lysine and Lysine Peptides: Nucleophilic K peptides were 

purchased from Peptide 2.0 (Chantilly, VA). α-Synuclein (6.9 µM) was incubated 

with dopamine (30X molar excess), in Tris buffer saline (pH 7.4). For inhibition of 

dopamine induced aggregation, KTKE, KTKEGV, and/or KKKK peptides (15, 30, 
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and/or 60X molar excess) were added to the solution immediately prior to 

incubation. Samples were incubated at 37˚C for 24 hours, and analyzed by 

Western blot and standard silver stain. For lysine amino acid alone, similar 

conditions were used, with the exception that samples were also incubated at pH 

11, which is more basic than the pKa of lysine, resulting in nucleophilic K. 

 SDS Page and Western Blots: Samples were mixed with XT sample buffer (4X) 

containing 5% 2-mercaptoethanol and boiled for 2 minutes and/or mixed with 

native running buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 40% 

sucrose, in water). Samples separated on 12% SDS-Page gels and transferred to 

PVDF membrane, which were blocked with 5% dried milk in Tris-buffered saline 

and 0.1% Tween 20 detergent (TBST) for 30 minutes, after which samples were 

incubated with primary antibody against α-synuclein (1:20,000) for 90 minutes at 

room temperature. Membranes were rinsed in TBST (6 x 10 min) and then 

incubated with secondary anti-rabbit antibody (1:3,000) and washed as described 

previously. Western blots were visualized using a film developer or Chemidoc 

imaging system (Biorad Laboratories Inc). 

MALDI-TOF Analysis: α-Synuclein (50 μg) protein was incubated with 30X molar 

excess dopamine in Tris-buffered saline (pH 7.4, 100 μl total solution) for 24 hours 

at 37˚C. Dopamine-α-synuclein sample was centrifuged (14,000 g, 4˚C) with 100 

kDa cut off columns 30 min, after which the eluate was centrifuged (14,000 g, 4˚C) 

with 10 kDa cut off columns 30 min. TFA (10 μl, 0.1%) was added to the solution 

for acidification, and samples were zip-tipped per manufacturer’s 

recommendations. Acetonitrile was removed using a SpeedVac concentrator for 
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10 minutes. α-Synuclein (10 μg) was incubated with a 30X molar excess of 

dopamine-GSH or dopamine-NAC in Tris-buffered saline (pH 7.4, 20 μl total 

solution) for 24 hours at 37˚C. TFA (10 μl, 0.1%) was added to dopamine-GSH-α-

synuclein and dopamine-NAC-α-synuclein, and samples were zip-tipped. 

Acetonitrile was removed by using a SpeedVac concentrator for 10 minutes. of 

Samples (2 μl) were mixed with 2 μl of 20 mg/ml sinapic acid (50% acetonitrile, 

0.1% TFA) and 2 μl aliquots placed on MALDI-TOF plates and dried at room 

temperature for matrix formation. Samples were analyzed using Voyager MLADI-

TOF with laser intensity of 1500 mV. 

 

Results 

Dopamine-induced PTM of specific α-synuclein residues remain to be 

identified. We therefore examined post-translational modifications on α-synuclein 

induced by dopamine, L-Dopa, and their thiol-conjugates (Figure 2.1) . Termination 

of the reaction between oxidized dopamine and α-synuclein was achieved by 

either acidification (Figure 2.2A), addition of excess NAC (Figure 2.2B), or by 

freezing by liquid nitrogen (Figure 2.2C). Western blot analyses suggest that 

dopamine preferentially reacts with α-synuclein dimers. In the native gels, the 

monomers and dimers are initially identical (control lane), but with time the dimers 

convert to higher molecular weight oligomers, whereas the monomers remain 

unchanged. It is interesting to note that addition of oxidized dopamine to α-

synuclein causes instant dimer formation at time zero (Figure 2.2A), suggesting 
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that acidification is not sufficient for termination of the dopaquinone reactions. Even 

though samples were stored at -80˚C, reaction with the quinone appeared to 

continue.  

Since α-synuclein does not contain any cysteine residues, the primary 

suspect for dopamine adduction was nucleophilic lysine (K). Acetylation of α-

synuclein by acetylsalicylic acid (Figure 2.3A) and/or by acetic anhydride (Figure 

2.3B) leads to a decrease in dopamine-induced oligomer formation, and a 

decrease in adduction of α-synuclein by dopamine thiol-conjugates (data not 

shown). MALDI-TOF analysis of acetylated α-synuclein (Figure 2.3C) reveals at 

least three acetylation sites on α-synuclein. LC-MS-MS analysis of trypsinized α-

synuclein revealed that all K residues were acetylated, with no particular K residue 

preferentially acetylated (data not shown).  

At physiological pH lysine amino groups are not nucleophilic; thus, lysine 

does not inhibit dopamine induced α-synuclein oligomerization (Figure 2.4A). 

However, KXK peptides, which are found as 5 repeats on α-synuclein, can inhibit 

dopamine induced α-synuclein oligomerization (Figure 2.4). KTKE and KTKEGV 

peptides also block dopamine induced oligomerization (Figure 2.4 B, C). The 

KKKK peptide which is more nucleophilic, almost fully inhibits α-synuclein 

oligomerization (Figure 2.4 B, C). K as a single amino acid, only inhibits dopamine 

induced α-synuclein oligomerization under conditions where ionization to a 

nucleophile is facilitated. At pH 11, where dopamine is very reactive due to base-

catalyzed oxidation, K at least partially inhibits dopamine α-synuclein crosslinks, 

see supplementary figure 1 (Figure 2.S1). At high pH dopamine fully reacts and 
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crosslinks α-synuclein, but since K is also nucleophilic at high pH, inhibition of 

crosslinks is visible by silver stain (Figure 2.S1D), with the NAC-terminus antibody 

(Figure 2.S1E), and a clear recovery of the α-synuclein monomer is observed 

probing with the N-terminus antibody (Figure 2.S1E).  

Dopamine induced oligomerization of α-synuclein renders the detection of 

dopamine PTMs too complex, since cross-linked proteins and peptides cannot be 

easily identified by MS-based techniques. Western blot analysis of dopamine 

induced PTMs of α-synuclein show increases in SDS resistant oligomers and 

adduction, in a pH dependent manner (Figure 2.5A). As pH increases higher 

quinone formation and higher reactivity with α-synuclein is observed. MALDI-TOF 

analysis of dopamine-induced PTM of α-synuclein reveals the addition of ~4,500 

Daltons to the monomer, and addition of up to 9,000 Daltons to the cross-linked 

dimer (Figure 2.6B), compared to control (Figure 2.6A). These results suggest the 

addition of ~30 dopamine molecules to the monomer and ~ 60 dopamine 

molecules to the dimer. Not only does dopamine react with α-synuclein, poly-

dopamine is also able to adduct to α-synuclein. The poly-dopamine molecule 

seems to remain redox active, thus being able to still adduct to α-synuclein. 

To overcome the complexity of dopamine-induced cross-links, one or two 

of the reactive sites on the aromatic ring were removed by synthesizing dopamine-

NAC (Figure 2.1B), Dopamine-bis-NAC (Figure 2.1D), dopamine-GSH (Figure 

2.1C), and dopamine-bis-GSH (Figure 2.1E). Dopamine-N-NAC and dopamine-

GSH oxidized and bind to α-synuclein in a pH-dependent manner (Figure 2.5B and 

2.5C), similar to dopamine. However, dopamine thiol-conjugates fail to cross-link 
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α-synuclein in a similar fashion to dopamine, and they do not produce high 

molecular weight oligomers. MALDI-TOF analysis of dopamine thiol-conjugate 

induced PTMs on α-synuclein reveal the addition of up to 4,500 Daltons to the 

monomer of α-synuclein without generation of the dimer. Both dopamine-NAC 

(Figure 2.6C), and dopamine-GSH (Figure 2.6D) generate α-synuclein adducts, 

without crosslinking the protein. Dopamine thiol-conjugates can form polymers, 

however, such polymers also fail to cross-link α-synuclein, unlike dopamine. 

Interestingly, both bis-thiol-conjugates of dopamine, dopamine-bis-NAC and 

dopamine-bis-GSH, also react with α-synuclein in a similar pH dependent fashion 

as their mono- counterparts (Figure 2.7). Although both position 2 and 5 are 

occupied by NAC/GSH on the aromatic ring, it is possible that position 6 on the 

ring reacts with α-synuclein, causing increase in molecular weight of α-synuclein, 

without crosslinking the protein. 

In contrast, L-Dopa and its thiol-conjugates do not appear to react with α-

synuclein in a pH dependent manner (Figure 2.8). L-Dopa autoxidizes at a low pH 

of 6.2 and causes α-synuclein oligomer formation, a reaction that remains constant 

to pH 8.2 (Figure 2.8A). Both L-dopa thiol-conjugates form α-synuclein oligomers 

at pH ~6.4, and stimulate the formation of a high number of large molecular weight 

oligomers at physiological pH (Figure 2.8B, C). The  mono-NAC substituted L-

Dopa conjugate appears to be very reactive, and increases the molecular weight 

of α-synuclein monomer to >20 kDa, whilst simultaneously causing large molecular 

weight oligomers which occur most abundantly around physiological pH (Figure 

2.8B).   
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Discussion 

The present study investigated the ability of dopamine, L-Dopa, and their 

thiol-conjugates to induce α-synuclein PTMs and their effects on oligomerization 

of the protein. Dopamine and it’s thiol-conjugates covalently bind to α-synuclein, 

and form SDS-resistant adducts (Figure 2.5). Dopamine induces crosslinks of α-

synuclein, forming dimers, trimers, tetramers and higher molecular weight 

oligomers. Covalent interactions of dopamine with α-synuclein prevents the 

formation of fibrilar α-synuclein, and promotes formation of toxic oligomeric 

species, also known as protofibrils or oligomers (Conway et al., 2000,Conway et 

al., 2001a,Li et al., 2005a). Moreover, dopamine preferentially reacts with dimers 

of α-synuclein, leading to higher molecular weight oligomer formation. 

Interestingly, oxidized dopamine continues to cross-link α-synuclein molecules to 

each other, even after acidification of the reaction, suggesting quinone formation 

is the rate limiting step in the process and that post-adduction reactions contribute 

to the final molecular phenotype (Figure 2.2A). However, trapping of the ortho-

quinone with excess NAC fully terminated the reaction (Figure 2.2B). Oxidation 

state of dopamine also seems to play an important role in α-synuclein 

oligomerization. Dopamine oxidized by a strong oxidizing agent (Sodium meta 

periodate) reacts and crosslinks α-synuclein at acidic and basic pH (Figure 2.S4). 

However, electrochemically oxidized dopamine, does not crosslink α-synuclein at 

low pH (Figure 2.S5), suggesting that one electron oxidation of dopamine is 

possible in laboratory conditions and should be considered as a means for future 
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research. It is also possible that the rate of ortho-quinone formation is the 

determinant factor. 

We have shown that quinone species adduct nucleophilic Ks (Labenski et 

al., 2009) and since α-synuclein has 15 Ks and 5 KXK motifs, we anticipated the 

addition of dopamine to K. The KXK motif is a prime suspect for adduction, since 

the close proximity of one K decreases other K’s pKa, resulting in deprotonation  

and rendering the K more nucleophilic (Labenski et al., 2009). Moreover, direct 

interaction of 3,4-dihydroxyphenylacetaldehyde (DOPAL), a toxic metabolite of 

dopamine, has been detected on K residues of α-synuclein, via interaction with 

both the quinone and the aldehyde groups (Follmer et al., 2015). Acetylation of α-

synuclein by acetylsalicylic acid and/or acetic anhydride leads to a decrease in 

dopamine-induced oligomerization (Figure 2.3B, C). MALDI-TOF analysis of 

acetylated α-synuclein revealed at least three acetylation sites (Figure 2.3C), 

although we were unable to detect preferential sites of K acetylation, and LC-MS-

MS analysis of trypsinized α-synuclein revealed that all Ks in α-synuclein have the 

potential to be acetylated (data not shown). Even if site s other than K are targets 

of dopamine adduction, the overall charge of α-synuclein may contribute to 

dopamine-induced PTMs, since charged α-synuclein is in a more linear and 

aggregation prone conformation (Illes-Toth et al., 2013). Acetylation of Ks causes 

a decrease in α-synuclein charge, leading to a decreased probability of the 

surrounding Ks to become deprotonated, rendering them less nucleophilic. 

Dopamine and it’s thiol-conjugates auto-oxidize and form reactive ortho-

quinone electrophiles. Here we demonstrated, for the first time, that the auto-
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oxidation of dopamine and reaction with α-synuclein occurs in a pH-dependent 

manner (Figure 2.5). Moreover, the dopamine-induced oligomerization of α-

synuclein leads to formation of highly complex and unpredictable cross-links, 

which cannot be characterized by mass-spectroscopy (Figure 2.S2). The reaction 

of dopamine with different residues in custom-prepared peptides, showed covalent 

adduct formation with C and lone K residues (Figure 2.S3); however, no interaction 

was detected between dopamine and KTKE, KTKEGV and/or KKKK peptides 

(Figure 2.S3). In these samples the peptides were not detectable when incubated 

with dopamine or its thiol-conjugates. It is possible that the peptides are too 

reactive and form polymers with dopamine and its thiol-conjugates, rendering them 

undetectable by MS. Further interactions between dopamine-adducted α-

synuclein and native α-synuclein is not unique, since addition of other proteins to 

the reaction results in the crosslinking of multiple proteins with α-synuclein (Figure 

2.S9). To reduce the complexity of oligomeric α-synuclein formation, we removed 

one or two of the reactive sites on the dopamine aromatic ring by synthesizing 

dopamine-NAC, dopamine-bis-NAC, dopamine-GSH, and dopamine-bis-GSH. 

Similar to dopamine, dopamine mono-conjugates auto-oxidize and react with α-

synuclein in a similar pH-dependent fashion (Figure 2.5, 2.6, 2.7). However, 

dopamine thiol-conjugates failed to produce any high molecular weight oligomers, 

and primarily form adducted α-synuclein monomers and dimers (Figure 2.5B, C, 

2.6C, D). Since dopamine conjugates can also polymerize, they can add up to 

5,000 Daltons to a protein, as observed by Western blot. The pH-dependent 

increase in α-synuclein oligomerization may also be due the deprotonation of K 
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and overall charge state of α-synuclein (Illes-Toth et al., 2013). Since at higher pH 

K is more likely to be deprotonated, there is a higher likelihood of forming a 

nucleophilic K at a pH closer to K’s pKa.  

Surprisingly dopamine-bis-NAC and dopamine-bis-GSH conjugates also 

form adducts with α-synuclein in a pH-dependent manner, leading to an increase 

in the molecular weight of α-synuclein (Figure 2.7). Since the bis-thiol-conjugates 

of dopamine leave the cabon-6 position on the aromatic ring unoccupied, it is 

possible that upon oxidation, the rate of the reaction of the bis-conjugates with α-

synuclein is faster than the rate at which they cyclize into indoles, which occurs at 

a rate of 0.15 S -1 (Segura-Aguilar et al., 2014b). Indole formation likely has a 

slower reaction rate than the rate at which dopamine quinone binds to α-synuclein 

Ks. MALDI-TOF analysis of dopamine induced of α-synuclein PTMs shows 

addition of up 4,500 Daltons to the monomer, and up to 9,000 Daltons on the cross-

linked dimer (Figure 2.6). Since α-synuclein has only 15 Ks, these PTMs are due 

to formation of multiple dopamine adducts.  

Neuromelanin generation seems to be protective of the cells, since in a 

healthy substantia nigra tissue there is an abundance of the pigment. It is possible 

that polymerization of dopamine to neuromelanin leads to entrapment of toxic 

oligomers (Zucca et al., 2014), but as α-synuclein expression increases it leads to 

a decrease in neuromelanin activity, and a concomitant increase in toxic oligomer 

formation and cellular death. The underlying mechanisms behind initiation of toxic 

oligomer formation remain unknown, although the N-terminus of α-synuclein is a 

prime suspect in the reaction. Thus, the C-terminus of α-synuclein acts as an 
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inhibitor of aggregation (Kakish et al., 2015), since truncation of the C-terminus 

causes an increase in α-synuclein oligomer formation (Li et al., 2005b). 

Interestingly, α-synuclein oligomers are more readily recognized by a non -

amyloid component (NAC) terminus antibody (Figure 2.S1E), compared to a N-

terminus antibody (Figure 2.S1F). α-Synuclein tetramers are aggregation-resistant 

(Bartels et al., 2011), and all α-synuclein disease-causing mutations are located at 

the N-terminus (Stefanis, 2012). It is therefore the dopamine interaction with the 

N-terminal K’s of α-synuclein that most likely inhibits the formation of aggregation 

resistant tetramers under physiological conditions, and leads to α-synuclein toxic 

oligomer formation. 

Both mono-NAC and mono-GSH conjugates of dopamine exhibit a similar 

pattern of adduction on the α-synuclein monomer, without detectable levels of the 

dimer. The adducts observed by MALDI-TOF analysis reveal a bell shaped curve 

(Figure 2.6), a phenomenon due to the heterogeneity of dopamine and dopamine 

thiol-conjugate adducts. Dopamine and it’s thiol conjugates can exist in multiple 

forms; reduced, oxidized (quinone), semiquinone or indolequinone, and can form 

large molecular weight melanins, the structure of which remain unknown (Zucca 

et al., 2014). Transitioning between these forms can cause a ± 3 Dalton shift in 

molecular weight. The potential for the addition of ~30 dopamine molecules or 15-

20 dopamine thiol-conjugate molecules to the α-synuclein monomer, and the 

existence of multiple reduced/oxidized/cyclized states of the dopamine and 

dopamine thiol-conjugates likely contributes to the bell shaped curve observed on 

all MALDI-TOF analyses. Dopamine thiol-conjugate binding to α-synuclein 
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decreases α-synuclein pKa, as visible on 2D gels and upon Coomassie staining 

(Figure 2.S5). Further, due to the change in the pKa of α-synuclein adducts, they 

can be separated by a rotofor (Figure 2.S6), and subsequently detected by MALDI-

TOF analysis (Figure S7). Nonetheless, MALDI-TOF analysis still does not yield a 

single adduct peak, but reveals multiple adducts similar to those illustrated in 

Figure 2.6. 

L-Dopa and its conjugates autoxidize and adduct to α-synuclein in an 

apparent pH-independent fashion, and form constant levels of oligomers near 

physiological pH (Figure 2.8). Interestingly, L-Dopa thiol-conjugates form 

significantly higher levels of α-synuclein oligomers (Figure 2.8B, C), compared to 

the dopamine thiol-conjugates (Figure 2.5B, C). It is important to note the 

observation that L-Dopa thiol-conjugates form a pink/red color after autoxidation, 

which is reminiscent of the pheomelanins (red melanin), whereas dopamine and 

its conjugates exhibit a black and/or brown colour. The amount of pheomelanin in 

hair and skin is directly correlated with increased risk of developing Parkinson’s 

disease. Thus, individuals with black hair and darker skin exhibit the least risk, 

while individuals with red hair and lighter skin have four-fold higher risk of 

developing Parkinson’s (Gao et al., 2009). The increased aggregation of α-

synuclein caused by L-Dopa conjugates may provide a novel clue to explain why 

increased pheomelanin levels may increase the risk of developing Parkinson’s 

disease. 

There is still much debate in the literature about which species of α-

synuclein is the toxic culprit. However, soluble oligomers of α-synuclein (soluble 
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oligomers, soluble ribbons and soluble fibrils) exhibit a higher degree of toxicity in 

in vitro and in vivo models (Bousset et al., 2013,Peelaerts et al., 2015,Pieri et al., 

2012), compared to insoluble fibriliar macromolecules or monomeric α-synuclein. 

Dopamine toxicity is dependent on α-synuclein expression (Xu et al., 2002). 

Overexpression of α-synuclein in cells leads to an increase in dopamine toxicity 

(Bisaglia et al., 2010). α-Synuclein also plays a central role in the toxicity of other 

dopaminergic neurotoxicants, such as 1-methyl-4-phenyl-1,2,3,6-tetra-

hydropyridine (MPTP). MPTP exposure can lead to α-synuclein aggregation and 

oligomer formation and selective dopaminergic neurodegeneration. This process 

is highly dependent on the presence of α-synuclein; mice lacking α-synuclein 

expression are highly resistant to MPTP toxicity (Thomas et al., 2011). Currently 

there are no therapeutic interventions against α-synuclein dependent toxicities, 

primarily a consequence of the paucity of knowledge on mechanism of oligomer 

formation. 

α-Synuclein monomers, per se, do not lead to cellular toxicity. Toxicity is 

primarily driven by the oligomerization of α-synuclein, which can result in inhibition 

of chaperone-mediated autophagy, mitochondrial stress, and cellular death. 

Following this logic, PTMs of α-synuclein caused by dopamine thiol-conjugates 

should not be toxic, since they exist in mainly monomeric forms. However, the 

comparative toxicity of the dopamine and L-Dopa thiol-conjugate mediated α-

synuclein PTMs is unknown, and further studies are needed to better understand 

the consequences of dopamine thiol-conjugate induced α-synuclein PTMs.  
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Figure 2.1 
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Figure 2.1: Structure of dopamine, levodopa, and their thioether conjugates. A) 

Dopamine, B) Dopamine-N-Acetylcysteine, C) Dopamine-Glutathione, D) Bis-Dopamine-

N-Acetylcysteine, E) Bis-Dopamine-Glutathione, F) Levodopa, G) Levodopa-N-

Acetylcysteine, and H) Levodopa-Glutathione. 
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Figure 2.2: 
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Figure 2.2: Termination of oxidized dopamine interaction with α-synuclein 

suggests that quinone formation is the rate-limiting step, and trapping of the 

quinone results in fewer oligomers. A) termination by acidification, B) 

termination by N-acetylcysteine, and C) termination by freezing with liquid nitrogen. 
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Figure 2.3 
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Figure 2.3: Acetylation of α-synuclein at lysine residues ameliorates 

dopamine-induced α-synuclein aggregation. A) α-synuclein acetylation by 

acetylsalicylic acid (ASP), B) α-synuclein acetylation by acetic anhydride (AA), and 

C) MALDI-TOF analysis of control α-synuclein (top) and acetylated α-synuclein 

(bottom). At least three acetylation sites are observed on α-synuclein. 
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Figure 2.4 
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Figure 2.4: Lysine by itself does not inhibit dopamine induced aggregation 

of α-synuclein, yet, nucleophilic lysine (K) peptides, motifs present within α-

synuclein, inhibit dopamine induced aggregation of α-synuclein. A) Western 

blot showing that lysine by itself is not sufficient for inhibition of dopamine induced 

-synuclein oligomerization, B) Sequence of peptides; KTKE and KTKEGV have 

multiple repeats in α-synuclein, C) Silver stain of α-synuclein aggregation inhibition 

by K peptides, top SDS, bottom native, D) Western Blot of α-synuclein aggregation 

inhibition by K peptides, top SDS, bottom native. 
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Figure 2.5 
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Figure 2.5: Dopamine oxidizes and causes -synuclein aggregation in a pH-

dependent manner. Dopamine thiol-conjugates oxidize and bind to -

synuclein in a pH-dependent manner without crosslinking the protein. A) 

Dopamine with α-synuclein, B) Dopamine-N-acetylcysteine with α-synuclein, and 

C) Dopamine-glutathione with α-synuclein. 
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Figure 2.6. A 
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Figure 2.6.B 
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Figure 2.6.C 
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Figure 2.6.D 
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Figure 2.6: MALDI-TOF analysis of adduction of α-synuclein by dopamine 

and/or dopamine thioether conjugates. A) α-synuclein control, B) Dopamine 

with α-synuclein, C) Dopamine-N-acetylcysteine with α-synuclein, and D) 

Dopamine-glutathione with α-synuclein. 
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Figure 2.7 
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Figure 2.7: Dopamine bis-thiol conjugates oxidize and bind to -synuclein in 

a pH-dependent manner without crosslinking the protein.  Increasing pH from 

5.5 to 8.5. Dopamine-bis-N-acetylcysteine showing much higher reactivity 

compared to Dopamine-bis-glutathione conjugate. All other lanes at physiological 

pH (7.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

117 
 

Figure 2.8 
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Figure 2.8: Levodopa and its thiol-conjugates oxidize and cause -synuclein 

aggregation at physiological pH. A) Levodopa with α-synuclein, B) Levodopa-

N-acetylcysteine with α-synuclein, and C) Levodopa-glutathione with α-synuclein. 
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Figure 2.S1 
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Figure 2.S1: Lysine (K) by itself does not inhibit dopamine-induced 

aggregation of α-synuclein, yet, at high pH nucleophilic Ks inhibit dopamine 

induced aggregation of α-synuclein with increasing K concentrations. A) 

Silver stain at pH 7.4, B) Western blot analysis with a NAC-terminus antibody 

against -synuclein at pH 7.4, C) Western blot analysis with a N-terminus antibody 

against -synuclein at pH 7.4, D) Silver stain at pH 11, E) Western blot analysis 

with a NAC-terminus antibody against -synuclein at pH 11, F) Western blot 

analysis with a N-terminus antibody against -synuclein at pH 11. 
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Figure 2.S2 
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Figure 2.S2: Percent coverage of -synuclein and its interaction with 

dopamine and dopamine thiol-conjugates, digested by GluC. -Synuclein was 

incubated with a 30X molar excess of dopamine and its thiol-conjugates (both 

mono- and bis-), after which they were digested with GluC protease at pH 4 for 

reduction of crosslink complexity. Samples were analyzed by LC-MS-MS. No 

PTMs beyond the oxidation of methionines and deamination of some amino acids 

were detected. The complexity of crosslinks and polymerization of dopamine and 

its thiol-conjugates prevent detection of their PTMs. Although, the reactions occur 

and even decrease the % coverage of -synuclein peptides in the case of 

dopamine, they are unpredictable and undetectable by current methods.   
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Figure 2.S3 
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Figure 2.S3: Dopamine and its thiol-conjugates interact with custom 

peptides. Custom peptides containing different residues of interest were 

incubated with different concentrations of dopamine and/or its conjugates and 

subsequently analyzed by mass-spectrometry. Bolded and enlarged letters 

indicate the residue of interest. Red letters indicate the identified interactions with 

dopamine. 
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Figure 2.S4 
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Figure 2.S4: Oxidation of dopamine and its thiol conjugates by sodium meta 

periodate shows a pH-dependent adduction to -synuclein. A) Dopamine with 

α-synuclein, B) Dopamine-N-acetylcysteine with α-synuclein, and C) Dopamine-

glutathione with α-synuclein. 
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Figure 2.S5: 
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Figure 2.S5: Electrochemical oxidation of dopamine renders it unable to 

crosslink -synuclein at low pH. Dopamine was oxidized by a potentiostat with 

a BASi bulk electrolysis cell at 1 Volt for 30 minutes, after which it was incubated 

with -synuclein for 24 hours. At vesicular pH (~5.5) oxidized dopamine fails to 

crosslink -synuclein, however it binds to -synuclein and causes an increase in 

the molecular weight of the monomer. 
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Figure 2.S6 
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Figure 2.S6: 2D SDS page followed by Coomassie staining reveals that the 

adduction of -synuclein by dopamine thiol-conjugates decreases it’s pKa. 

A) -synuclein alone, B) -synuclein with dopamine-N-acetylcysteine. The arrow 

shows the area with the α-synuclein adducts having a more acidic pKa. It is 

important to note the uniformity of the stained area, suggesting that a 

heterogeneous mixture of adducts are formed with no preference for any single 

adduct type. 
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Figure 2.S7 
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Figure 2.S7: Separation of dopamine and its thiol-conjugates adducted to -

synuclein by a microrotofor cell. A) Dopamine with α-synuclein, B) Dopamine-

N-acetylcysteine with α-synuclein, and C) Dopamine-glutathione with α-synuclein. 

-Synuclein (30 µg) was mixed with a 30X molar excess of dopamine and/or its 

thiol-conjugates at pH 7.4 and incubated at 37˚C for 24 hours. Samples were 

mixed with 150 µl of Bio-Lyte 3-5 pH ampholyte (Bio-Rad) and 2.75 ml of milliQ 

water, and subsequently loaded onto a microrotofor cell per manufacturer’s 

recommendation. Samples were run with a constant 1 W power and maximum 

1000 volts, using 0.25 M HEPES buffer and 0.5 M acetic acid. After stabilization of 

the voltage (~ 3 hours), the run was terminated and samples analyzed by Western 

blot. 
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Figure 2.S8 
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Figure 2.S8: MALDI-TOF analysis of adducts separated by a rotofor reveal 

that -synuclein, adducted by dopamine thiol-conjugates, can be fully 

separated from monomeric -synuclein.  A) -synuclein alone, B) -synuclein 

with dopamine-glutathione. Similar to Figure 2.6, no single peaks were detected. 
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Figure 2.S9 
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Figure 2.S9: Concurrent incubation of -synuclein with dopamine and other 

proteins yields a different pattern of oligomer formation, suggesting that 

dopamine can crosslink -synuclein to other proteins. -Synuclein was 

incubated with a 30X molar excess of dopamine and/or increasing concentrations 

(1, 5, 10 molar excess of -synuclein) of cytochrome C, or bovine serum albumin 

or both. Samples were analyzed by A) SDS page Western blot and, B) native page 

Western blot.  
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CHAPTER 3 

 

 

 

Arsenic Induces Accumulation  

of -Synuclein:  

Implications for Synucleinopathies and 

Neurodegeneration 
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Abstract:                                                                                                   

Synucleinopathies, including Parkinson’s disease, are neurodegenerative 

diseases characterized by accumulation of -synuclein, a small neuronal protein 

with prion like properties that plays a central role in Parkinson’s disease 

pathogenesis. -Synuclein can misfold and generate toxic oligomers/aggregates, 

which can be cytotoxic. Environmental arsenic-containing pesticide use correlates 

with increased incidence of Parkinson’s disease. Moreover, since arsenic 

exposure can lead to inhibition of autophagic flux we hypothesize that arsenic can 

facilitate the accumulation of toxic -synuclein oligomers/aggregates and 

subsequent increases in markers of autophagy. We therefore examined the role 

of arsenic in the oligomerization of -synuclein, and the consequences thereof. 

Chronic exposure of SH-SY5Y cells overexpressing -synuclein to arsenic caused 

a dose-dependent oligomerization of -synuclein, with concomitant increases in 

protein ubiquitination and expression of other stress markers (protein glutathione 

binding, -GCS, LC3-I/II, P62, and NQO1), indicative of an increased proteotoxic 

stress. Immunocytochemical analyses revealed an accumulation of -synuclein, 

and it’s co-localization with LC3, a major autophagic protein. Mice exposed to 

arsenic (100 ppb) for one month, exhibited elevated -synuclein accumulation in 

the cortex and striatum, and elevations in protein ubiquitination and LC3-I and II 

levels. However, tyrosine hydroxylase, an indicator of dopaminergic cell density, 

was upregulated in the arsenic exposed animals. Since -synuclein can inhibit 

tyrosine hydroxylase function, and arsenic can decrease monoamine levels, 
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arsenic exposure possibly leads to compensatory mechanisms leading to an 

increase in tyrosine hydroxylase expression. Our findings suggest that susceptible 

individuals may be at higher risk of developing synucleinopathies and/or 

neurodegeneration due to environmental arsenic exposure.   
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Introduction                                                                                                        

Parkinson’s disease is a multifactorial neurodegenerative disorder affecting 

~2% of the population above the age of 60. Parkinson’s disease is a consequence 

of the loss of dopaminergic neurons in the substantia nigra pars compacta, with 

clinical manifestations of major motor dysfunction appearing only after a significant 

population (<60%) of dopaminergic neurons have already been lost (Jankovic, 

2008b). The underlying cause of such a drastic and selective loss of dopaminergic 

neurons in Parkinson’s disease is poorly understood, due to the multifactorial 

nature of the disease. However, it is estimated that ~10% of Parkinson’s disease  

cases are due to genetic factors, with additional cases arising as a consequence 

of gene (x) and/or environmental exposures (Wirdefeldt et al., 2011). The most 

distinctive pathological feature of Parkinson’s disease at the cellular level is the 

development of intracellular inclusions known as Lewy bodies, enlarged 

aggrosomes formed for cellular protection (Tanaka et al., 2004a). The major 

component of Lewy bodies is -synuclein, a small neuronal protein with prion like 

properties (Herva and Spillantini, 2015,Prusiner et al., 2015). The normal function 

of -synuclein is not well understood. However -synuclein does play a role in 

dopamine homeostasis via inhibition of the activity and expression of the rate-

limiting enzyme in the biosynthesis of dopamine, tyrosine hydroxylase (Perez et 

al., 2002a,Yu et al., 2004,Alerte et al., 2008). Although physiological levels of -

synuclein monomers themselves are not toxic, -synuclein oligomers, aggregates, 

and fibrils do exhibit the potential to be cytotoxic, with oligomers and soluble 
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aggregates apparently being the principal culprits (Conway et al., 2000,Conway et 

al., 2001a,Sharon et al., 2003,Waxman and Giasson, 2009).  

-Synuclein oligomerization, and aggregation is accelerated by dopamine. 

Dopamine-modified -synuclein stabilizes -synuclein oligomer/protofibril 

formation and dopamine-modified -synuclein has the ability to block chaperone-

mediated autophagy (CMA), thus augmenting the neurotoxic process (Conway et 

al., 2001a,Martinez-Vicente et al., 2008b). By relieving the inhibition on dopamine 

synthesis, dopamine modified -synuclein may stimulate the biosynthesis of 

dopamine, which can subsequently further modify -synuclein. Interestingly, 

environmental arsenic exposure plays an important role in protein aggregation 

pathways (Jacobson et al., 2012,Lau et al., 2013). Arsenic is a naturally occurring 

element found in food and water sources around the world, reaching μM 

concentrations in some parts of the world. At these levels arsenic interferes with 

the cellular antioxidant response, including thiol content depletion, increased 

reactive oxygen species production, reduced superoxide dismutase levels, and 

inhibition of chaperone function, resulting in cellular protein aggregation 

(Ellinsworth, 2015,Jacobson et al., 2012,Jomova et al., 2011,Kim et al., 2014,Liu 

et al., 2000). Thus, the modus operandi of arsenic toxicity closely resemble the 

cellular changes seen during Parkinson’s disease progression. Moreover, arsenic 

crosses the blood brain barrier and reduces neurotransmitter levels, including 

monoamines (Yadav et al., 2010b). Indeed, co-exposure to arsenic and dopamine 

has synergistic neurotoxic effects in cellular models of Parkinson’s disease, such 

as SH-SY5Y neuroblastoma cells (Shavali and Sens, 2008). Critically, 
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epidemiological studies revealed significant associations between arsenic 

pesticide exposure and late onset Parkinson’s disease (Elbaz et al., 2009).   

Although animals exposed to arsenic exhibit neurotoxic pathology, no 

studies have examined role of arsenic in the development -synuclein 

oligomers/aggregates nor their role in the development of Parkinson’s disease. We 

hypothesize that low level arsenic exposure will lead to increases in the 

oligomerization of -synuclein, causing increased cellular proteotoxicity and the 

engagement of autophagy concomitant with an inhibition of autophagic flux, 

leading to cell death. 

 

Materials and Methods 

Generation of SH-SY5Y cells overexpressing -synuclein: SH-SY5Y cells 

were obtained from the American Type Culture Collection (CRL-2266, ATCC, 

Manassas, VA). Cells were grown in DMEM/F12 50/50 supplemented with 10% 

fetal bovine serum (FBS). Human SNCA plasmid bacterial stock (EX-G0543-M02) 

was obtained from GeneCopoeia (Rockville, MD). The bacterial stock was grown 

on agar plates containing 100 µg/ml ampicillin. Selected colonies were grown in 

LB broth containing 100 µg/ml ampicillin. Bacteria were pelleted by centrifugation. 

Plasmid was purified using a Qiagen plasma mega kit (Qiagen, Valencia, CA). SH-

SY5Y cells were transfected with SNCA Plasmid using Lipofectamine 2000 

(Thermo Fisher Scientific, Waltham, MA), at a 1: 3 ratio, using OPTI-MEM medium. 

Cells were selected using 400 µl/ml G418/Geneticin over a period of one month. 

Media was changed every 3-4 days, or as needed. Selected cells were analyzed 



 

 

143 
 

by Western blot to determine -synuclein expression levels. For long-term storage, 

cells were placed in DMEM/F12 50/50 supplemented with 10% FBS and 5% 

DMSO, and maintained in liquid nitrogen. 

 

In vitro Immunocytochemistry (ICC): SH-SY5Y cells were plated on 4-well 

chamber slides, 25K cells per well with DMEM/F12 media supplemented with 10% 

FBS. After 24 hours, cells were differentiated by DMEM/F12 supplemented with 

1% FBS and 10 µM all trans retinoic acid (ATRA) for 24 hours. After differentiation 

cells were treated with 25 ppb sodium arsenite for 72 hours. All ICC steps were 

conducted at room temperature, unless mentioned otherwise. Cells were fixed in 

4% paraformaldehyde for 20 min. Slides were washed in phosphate buffered 

saline (PBS) and blocked with 10% goat serum (0.3% Triton X in PBS) for 45 min. 

Slides were incubated with anti--synuclein primary antibody (S-3062, Sigma, St. 

Louis, MO) 1:1000 dilution (1% goat serum, 1% BSA, 0.1% triton X in PBS) 

overnight in 4˚C. Slides were washed 3 times with PBS (0.1% Triton X, 0.1% BSA), 

and incubated with Alexa Fluor 594 goat anti-rabbit secondary antibody 1: 3,000 

(A-11037, Life Technologies, Carlsbad, CA) for one hour. After washing slides 3 

times, they were incubated with nuclear stain Hoeschst 33342 (1 µg/ml) for five 

min and washed once with PBS and water. For co-localization staining of -

synuclein and microtubule-associated protein 1A/1B-light chain 3 (LC3), slides 

were simultaneously incubated with anti--synuclein primary antibody (S-3062, 

Host-Rabbit, Sigma, St. Louis, MO) 1: 1,000, and anti-LC3 primary antibody (2G6, 

Host-Mouse, Enzo Lifesciences, Farmingdale, NY) 1: 1,000 (1% goat serum, 1% 
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BSA, 0.1% Triton X in PBS) overnight at 4˚C. After washing, slides were incubated 

with Alexa Fluor 594 goat anti-rabbit secondary antibody 1:3,000 (A-11037, Life 

Technologies, Carlsbad, CA) and goat anti-mouse secondary antibody 1:3,000 (A-

11029, Life Technologies, Carlsbad, CA) for one hour.  Slides where visualized by 

fluorescence microscopy with channels selected for Texas Red (EX 589 nm, EM 

615 nm), FITC (EX 490 nm, EM 525 nm) and DAPI nuclear stain (EX 345 nm, EM 

455 nm). 

 

In vitro arsenic exposure and Western Blots: Stable SH-SY5Y cell lines 

overexpressing -synuclein were cultured on 6 well plates (1 million cells per well) 

with DMEM/F12 media supplemented with 10% FBS, G418/Geneticin (400 ug/ml), 

and ampicillin (100 µg/ml). After 24 hours, fresh media was provided (without 

antibiotics) and cells were dosed with various concentrations of sodium arsenite 

(5, 10, 25, and 50 ppb). After 24, 48, and/or 72 hours, cells were lysed using 1X 

Bolt LDS sample buffer (Thermo Fisher Scientific, Waltham, MA). Lysate mixtures 

were boiled (10 min), followed by sonication (~4 Watts power, 3 x 10 sec). Lysate 

mixtures were centrifuged for 1 min (14,000 RCF) and mixed with 3:1 4x XT sample 

buffer (Biorad Laboratories, Hercules, CA) with 5% 2-beta mercaptoethanol 

(reducing agent was not used for anti-glutathione antibody). Samples were boiled 

for an additional 5 min and samples loaded onto 12% acrylamide gels. Protein from 

gels was transferred to a PVDF membrane and blocked with 5% milk (TBST, 0.1% 

tween 20) for 30 min. Membranes were incubated with primary antibody (anti--

synuclein antibody [1: 1,000, S-3062, Sigma, St. Louis, MO], anti-actin antibody 
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[1: 10,000, 8H10D10, Cell Signaling Technology Inc, Danvers, MA], anti-ubiquitin 

{UB} antibody [1: 5,000, REF: 07/2012, Cell Signaling Technology INC, Danvers, 

MA], or anti-glutathione antibody [1: 200, sc-52399, Santa Cruz Biotechnology, 

Dallas, TX]) in 4˚C overnight, followed by 6 X 10 min washes (TBST, 0.1% Tween 

20). Membranes were incubated in appropriate secondary antibody ([goat anti-

mouse IgG-HRP {1: 2,500, sc-2005, Santa Cruz Biotechnology, Dallas, TX}, [goat 

anti-rabbit Ig –HRP {1: 3,000, 656120, Life Technologies, Carlsbad, CA}]) for 1 

hour, and washed as previously described. Gels were imaged with Pierce ECL 

Western blotting substrate using BIORAD Imager, with the Image Lab software 

(Beta 2, Version 3.0.1, Biorad Laboratories, Hercules, CA). 

 

In vivo arsenic exposure and behavioral studies: Wild-type female Swiss 

Webster mice were obtained from Harlan Sprague Dawley Inc. (Indianapolis, IN). 

Animals were housed in the Animal Care Facility at the University of Arizona under 

a 12:12 h light/dark cycle (lights on 07:00 am) in temperature-controlled rooms. All 

procedures were approved by the University of Arizona Institutional Animal Care 

and Use Committee and conformed to National Institutes of Health guidelines. 

Food and water were provided ad libidum. Animals at 2 month age were exposed 

to 100 ppb arsenic (NaAsO2) through the drinking water for 2 weeks and/or 5 

weeks (Control n=3, arsenic 2 weeks n=2 [one animal was found moribund prior 

to reaching geriatric age], arsenic 5 weeks n=4). After the exposure, animals were 

maintained under identical conditions, until geriatric age (18 months old).  At 

geriatric age, animals were subject to a motor function beam test. Beam length 
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was set to 1 meter, with the start point being 40 mm wide (narrowing uniformly 

towards end point) and end point being 4 mm wide immediately prior to home cage. 

For training, animals were placed on the start point under intense light and directed 

towards home cage. After 4 training sessions, animals underwent the beam test 

once per day for four days. Distance traveled and other behavioral factors, such 

as fine motor coordination, pertaining to Parkinson’s disease were recorded. One 

animal was excluded from the behavioral tests (unable to train). Therefore, for 

behavioral tests the final animal number was: Control n=3, arsenic 2 weeks n=2, 

arsenic 5 weeks n=3. 

  

In vivo immunohistochemistry (IHC): Animals were dosed with 100 mg/kg 

pentobarbital. After full anesthesia was achieved animals were subjected to 

transcardial perfusion, initially with 50 ml PBS (pH 7.4; room temperature) followed 

by 50 ml 4% paraformaldehyde in PBS (pH 7.4). Brains were removed and fixed 

in 4% paraformaldehyde overnight at room temperature, followed by 24 hours at 

4˚C. After fixation, fixative solution was removed and replaced with 70% ethanol 

until further processing. Brains were embedded in paraffin, and 7 µm thick coronal 

sections were obtained from Bregma Zero and placed on microscope slides. 

Sections were deparafinized (xylene, 3 x 4 min), followed by hydration (100% 

ethanol, 3 x 4 min, 95% ethanol, 2 x 4 min, 70% ethanol, 4 min, DI water 2 x 2 

min). Antigen retrieval was performed by incubating the sections in 80˚C citrate 

buffer (10 mM Citric acid + 0.05% Tween 20, pH 6) for 20 min. Buffer was replaced 

with fresh room temperature buffer and placed on ice for 20 min, followed by buffer 
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removal and placement in running tap water for 10 min. Slides were washed with 

TBS (3 x 3 min) and water (3 x 3 min). An endogenous peroxidase blocking step 

was performed (1:10 hydrogen peroxide: methanol, 20 min), followed by TBS (3x 

3 min) and water (3 x 3 min) washes. The blocking step was performed (1.5% 

Normal Goat Serum [S-1000, Vector Laboratories Inc. Burlingame, CA] in Normal 

Antibody Diluent [1X TBST 0.5% Triton X, 1% BSA]) for 1 hour. Blocking buffer 

was removed and slides were incubated with tyrosine hydroxylase primary 

antibody at a concentration of 1:2,000 (AB 152, EMD Millipore, Billerica, MA) 

and/or anti--synuclein primary antibody at a concentration of 1:1,000 (S-2062, 

Sigma, St. Louis, MO) for 90 min at room temperature, and 36 hours in 4˚C. 

Primary antibody was removed and slides were washed with TBST (3 x 3 min). 

Slides were incubated with secondary antibody (goat anti-rabbit-IgG, BA-1000, 

Vector Laboratories Inc., Burlingame, CA) at room temperature for 1 hour, followed 

by TBS washes (5 x 5 min). For visualization VECTASTAIN Elite ABC Kit (PK-

6100 Vector Laboratories Inc., Burlingame, CA) and Betazoid DAB chromogen Kit 

(BDB2004L, Biocare Medical, Concord, CA) were used as per manufacturer 

recommendations. Slides were counterstained with hematoxylin/eosin and 

dehydrated in the reverse order mentioned above. Slides were cover-slipped with 

cytoseal mounting medium and analyzed by a blinded third party neuroscientist 

with bright-field microscopy to avoid experimenter bias. 

 

In vivo Western blots: The sectioned brain samples were deparafinized and 

hydrated as previously described, subsequently removed from the microscope 
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slide, and placed in 100 µl of 1x Bolt LDS sample buffer (Thermo Fisher Scientific, 

Waltham, MA). Sections were boiled for 30 min and sonicated with a tip sonicator 

(4 Watts power, 6 x 10 sec). Sample buffer (33 µl of 4x XT; Biorad Laboratories, 

Hercules, CA) with 5% 2-- mercaptoethanol was added, and samples were boiled 

for another 10 min. Samples were centrifuged for 1 min (14,000 RCF) and 30 µl 

aliquots loaded on 12% acrylamide gels. The remainder of the Western blot 

procedure was performed as previously described. GAPDH (anti-GAPDH 

antibody, 8245, Abcam, Cambridge, MA) was used as the loading control for the 

in vivo Western blots.  

 

Densitometry analysis and statistical analysis: Densitometry was performed 

using the Image Lab software (Beta 2, Version 3.0.1, Biorad Laboratories, 

Hercules, CA), with Actin as the in vitro, and GAPDH as the in vivo loading 

control/normalizing control. Proteins with 75 kDa molecular weight or above were 

considered as high molecular weight oligomers for ubiquitin (UB) and -synuclein. 

For glutathione-binding to proteins, bands between 37 and 50 kDa were chosen 

for densitometry. Column statistics with two tailed T-test were used for in vitro 

Western blot samples. Due to two exposure time points in the in vivo experiments 

(2 weeks and 5 weeks), one-way ANOVA with post hoc Tukey’s multiple 

comparison tests were performed on the in vivo Western blot samples. All 

statistical analysis was performed using GraphPad Prism (Version 6.07, GraphPad 

Software Inc., La Jolla, CA). Results are expressed as mean values (behavioral 

test), absolute values (weight), normalized values (densitometry), and represent 
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the mean ± SE (in vitro; n=3-5, in vivo; Control n=3, arsenic 2 weeks n=2, arsenic 

5 weeks n=4).  

 

Results                                                                                                                    

Arsenic induces accumulation of -synuclein in SH-SY5Y cells: SH-SY5Y 

cells are a neuroblastoma cell line with robust research applications, extensively 

used for Parkinson’s disease and other neurological disease investigations. These 

cells can differentiate into multiple neuronal phenotypes, including dopaminergic 

neurons (Korecka et al., 2013). SH-SY5Y cells pre-differentiated with ATRA for 24 

hours developed intracellular inclusions, which resembled Lewy bodies, 72 hours 

after exposure to arsenic (Figure 3.1B), and which were absent from their 

untreated counterparts (Figure 3.1A). To better identify the origin of intracellular 

inclusions, potential co-localization of -synuclein with LC3, which plays a major 

role in autophagy (Lau et al. 2013), was investigated. Co-localization of -

synuclein and LC3 (Figure 3.1C) confirmed the formation of autophagic vacuoles 

72 hours after exposure to 25 ppb arsenic, similar to those observed by Lau et. al. 

(2013). Western blot analysis of SH-SY5Y cells overexpressing -synuclein 

demonstrated a comparable result. Detection of -synuclein oligomers/aggregates 

is very challenging, since -synuclein oligomers undergo severe conformational 

changes, resulting in the decreased ability of the anti--synuclein antibody to 

recognize -synuclein. Consequently, we were unable to reliably detect these 

oligomers after 24, and 48 hours of exposure to arsenic (data not shown). 
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Nonetheless, -synuclein monomers accumulated 72 hours after exposure to 

arsenic, and high molecular weight -synuclein oligomers were visible at longer 

Western blot imaging times (Figure 3.2), with 25 and 50 ppb exposed samples 

being significantly different (p<0.05) from control (Figure 3.3). Other proteotoxic 

stress related parameters were also assessed, including UB-bound proteins 

(Figure 3.2), and glutathionylated proteins (Figure 3.2), an indirect measure of 

oxidative stress. UB bound proteins increased with all doses, with significant 

(p<0.05) increases at 50 ppb arsenic exposure. -GCS, the rate limiting enzyme in 

glutathione synthesis, was also elevated after arsenic exposure, reaching 

statistical significance (p<0.05) at higher concentrations of arsenic (10 and 25 

ppb).  

LC3 I/II and its binding partner, ubiquitin-binding protein P62 (P62) also 

known as Sequestosome 1, were also elevated in a dose dependent manner in 

the arsenic treated samples (Figure 3.2). Thus, LC3 I was significantly (p<0.01) 

elevated at 25 and 50 ppb arsenic, while LC3 II and p62 were significantly elevated 

at all three arsenic concentrations (10, 25 and 50 ppb; Figure 3.3). NAD(P)H 

dehydrogenase quinone 1 (NQO1) protein was not detectable at 10 or 25 ppb 

arsenic (Figure 3.2 and 3.3), but 50 ppb arsenic exposure resulted in a >10 fold 

increase in protein levels (p<0.01, Figure 3.3).  All stress markers; -synuclein 

oligomers, protein ubiquitination, protein glutathione binding, -GCS, LC3 I/II, P62, 

and NQO1 increased in a concentration-dependent manner, with increases being 

especially visible following chronic 72 hours 25 and 50 ppb arsenic exposure. 
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Arsenic induces accumulation of -synuclein in wild type Swiss Webster 

mice: Wild-type Swiss Webster mice were exposed to 100 ppb arsenic via drinking 

water to determine the effects of chronic arsenic exposure (2 weeks, and 5 weeks) 

on motor function, -synuclein oligomerization, accumulation of -synuclein, and 

loss of tyrosine hydroxylase reactive dopaminergic neurons in the geriatric age 

mice (18 months old). Although no treatment effect of chronic arsenic exposure on 

motor function was observed (Figure 3.4A), this may be related to a confounding 

unexpected weight gain in control animals compared to their experimental 

counterparts (Figure 3.4B). Thus, control animals exhibited a significant weight 

gain compared to the animals exposed to arsenic for 2 weeks (one way ANOVA P 

= 0.0354, F = 6.133, R2 = 0.6715, Tukey’s p<0.05, 95% CI of diff = -0.8150 to 

24.04) However, animals exposed to arsenic for 5 weeks exhibited a significant 

increase in -synuclein immunoreactivity in the cortex (Figure 3.5C), as 

demonstrated by brown IHC DAB staining of -synuclein, relative to their control 

counterparts (Figure 3.5A). Exposure to arsenic for 2 weeks resulted in a more 

modest increase in -synuclein staining (Figure 3.5B), as rated by the blinded 

analysis. -synuclein staining resembled Lewy neurites (Spillantini et al., 1998), 

which are abnormal -synuclein filaments, and no structures similar to Lewy 

bodies (intracellular protein field inclusions, surrounded by a membrane, 

resembling a halo) were detected.  The increase in -synuclein immunoreactivity 

due to arsenic exposure was less apparent in the caudate putamen, an area rich 

in dopaminergic substantia nigra pars compacta projections (Figure 3.5D, 3.5E 

,3.5F). For determination of dopaminergic neuronal loss, tyrosine hydroxylase 
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staining was employed, which provides a common measure of dopaminergic cell 

loss. Low magnification images (Figure 3.6A, 3.6B, 3.6C) revealed that the brown 

DAB staining for tyrosine hydroxylase was clearly localized to the striatum. 

Surprisingly, tyrosine hydroxylase immunoreactivity was higher in the animals 

exposed to arsenic for 5 weeks (Figure 3.6F) compared to their control and shorter 

arsenic exposed littermates (Figure 3.6D, 3.6E). Although animals were only 

exposed to arsenic temporarily (2 weeks and 5 weeks), Western blot analysis 

coupled to densitometry revealed the 5 week arsenic exposed animals 

accumulated a 2-fold increase in -synuclein monomers, with the accumulation of 

-synuclein oligomers also being significantly higher than in control animals (one 

way ANOVA P = 0.0327, F = 6.382, R2 = 0.6802, Tukey’s p<0.05, 95% CI of diff = 

-4.889 to -0.1970), with a >3 fold increase (Figure 3.7).  

Although UB monomer, and UB oligomer levels (protein ubiquitination) also 

increased following arsenic exposure (Figure 3.7A, 3.7B), the difference did not 

reach statistical significance. LC3-I staining increased in parallel with increases in 

the length of arsenic exposure, with a 2-fold increase in LC3-I at 2 weeks exposure, 

and an ~3-fold increase following 5 weeks of exposure, with statistical significance 

reached between control and 5 weeks of arsenic exposure (one way ANOVA P 

value = 0.0006, F = 32.56, R2 = 0.9156, Tukey’s p<0.001, 95% CI of diff = -2.561 

to -1.069) and a significant difference between 2 weeks and 5 weeks of arsenic 

exposure (one way ANOVA P value = 0.0006, F = 32.56, R2 = 0.9156, Tukey’s 

p<0.05, 95% CI of diff = -1.874 to -0.1830) (Figure 3.7B). Animals exposed to 

arsenic exhibited LC3-II staining similar to LC3-I, with a >2 fold increase after 2 
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week exposure to arsenic and >3 fold increase with 5 week exposure to arsenic, 

which was significantly different from control littermates (one way ANOVA P value 

= 0.0053, F = 14.25, R2 = 0.8261, Tukey’s p<0.01, 95% CI of diff = -4.145 to -

0.9750). Western blot densitometry of tyrosine hydroxylase revealed elevations in 

animals exposed to arsenic for 5 weeks, consistent with the results obtained by 

IHC immunoreactivity; however the Western blot tyrosine hydroxylase surge did 

not reach statistical significance (Figure 3.7A, 3.7B). 

 

Discussion                                                                                                                    

       Short-term (2-5 week window in vivo; 24-72 hr in vitro) exposure to low levels 

of arsenic can induce the accumulation of -synuclein. Thus, ICC of ATRA 

differentiated SH-SY5Y cells exposed to 25 ppb arsenic revealed the formation of 

intracellular inclusions, positively staining for -synuclein (Figure 3.1), and which 

resembled Lewy bodies. Lewy bodies are enlarged intracellular inclusions, and 

represent one of the main pathological hallmarks of Parkinson’s disease, and other 

synucleinopathies, including dementia with Lewy bodies. Such features appear at 

later stages of the disease, and are primarily localized in the brain stem in 

Parkinson’s disease but widespread throughout the brain in dementia with Lewy 

bodies (Beyer et al., 2009). The inclusions formed in the current study appear to 

be autophagic vacuoles, since -synuclein and LC3 co-localize in these inclusions, 

and LC3 is major component of autophagic vacuoles. arsenic inhibits autophagic 

flux, and since the principal degradation pathway of -synuclein is via chaperone-

mediated autophagy (CMA) (Cuervo and Wong, 2014), our observations of 



 

 

154 
 

fluorescent puncta filled with -synuclein (Figure 3.1), are consistent with prior 

findings (Lau et al., 2013,Teng et al., 2015).  Protein UB and glutathionylation were 

also elevated in SH-SY5Y cells overexpressing -synuclein (Figure 3.2 and 3.3), 

further implicating arsenic exposure as augmenting protein damage in this model. 

-GCS, the rate limiting enzyme in glutathione synthesis (Franklin et al., 2009), 

was also elevated in the arsenic treated samples (Figure 3.2 and 3.3). The low, 

environmentally relevant levels of arsenic used in this study preclude the detection 

of reactive oxygen species by conventional means; glutathione binding to proteins 

and -GCS were therefore used as surrogate measures of oxidative stress. 

Consequently, the increase in protein ubiquitination and glutathionylation is 

indicative of proteotoxic stress subsequent to arsenic exposure. 

Exposure to arsenic is known to increase the expression of LC3 I/II and its 

binding partner, P62 (sequestosome 1). This increase is due to initiation of 

autophagy processes in combination with an inhibition of autophagic flux (Bjorkoy 

et al., 2009,Lau et al., 2013), resulting in accumulation of LC3 I/II and P62 (Figure 

3.2 and 3.3), a consequence of the inability of autophagosome to fuse with the 

lysosome to complete autophagy. LC3 I/II and P62 elevations confirm the ICC 

experiments which revealed the accumulation of autophagic vacuoles, suggesting 

an increase in autophagy. In combination with a 10-fold increase in NQO1 

expression (Figure 3.2 and 3.3), a protein upregulated during oxidative stress, we 

conclude that exposure of SH-SY5Y cells to arsenic induces cell stress pathways, 

which, although initially activate autophagy, result in the subsequent accumulation 
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of -synuclein and UB oligomers, and other stress-response associated proteins 

(-GCS, LC3 I/II, P62, and NQO1). 

In addition to -synuclein, ubiquitinated proteins are also one of main 

components of Lewy bodies (Leverenz et al., 2007), and both pathways 

contribute to the etiology of neurodegenerative disease. Elevated oligomerization 

of -synuclein has been demonstrated at low levels of arsenic exposure, and 

provides a novel mechanism underlying the neurotoxic potential of arsenic. In 

contrast to the present study, Teng et. al., (2015) suggest that -synuclein 

monomers decrease upon arsenic exposure. In the present study, an increase in 

-synuclein monomers occurred, although at 50 ppb arsenic there were lower 

levels of -synuclein monomers relative to 25 ppb. It is therefore important to 

emphasize that the 50 ppb arsenic used in the present studies is ~7.5 fold lower 

than the concentrations used by Teng et. al., (2015). Therefore the possibility 

that higher levels of arsenic decrease -synuclein monomer expression or 

increase degradation cannot be excluded. Variations in arsenic concentrations, 

duration of exposure, detection methodology, and other variables all contribute to 

differences in the response to arsenic, as emphasized by Singh AP et. al., (Singh 

et al., 2011). 

 Redox active metals, including iron and copper can stimulate -synuclein 

oligomerization/aggregation (Bisaglia et al., 2009), yet our data suggests that 

accumulation of -synuclein is due to the inhibition of autophagy flux by arsenic. 

It is not known if arsenic can directly stimulate SYN oligomerization/aggregation 
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through SYN metal binding site, and further studies are needed. Since -

synuclein oligomers and soluble aggregates represent the toxic -synuclein 

species (Conway et al., 2000,Conway et al., 2001a,Sharon et al., 2003,Waxman 

and Giasson, 2009), and we employed environmentally relevant concentrations 

of arsenic, our data support the potential role of arsenic in neurodegeneration, 

and perhaps especially in individuals with genetic predisposition. 

Mice at 2 month of age, and only briefly (relative to overall life-time) exposed 

to 100 ppb arsenic (2 and 5 weeks) exhibited increased -synuclein 

immunoreactivity (Figure 3.5 and 3.7), despite the fact that animals were removed 

from arsenic exposure prior to geriatric age (18 months), enabling sufficient time 

to recover from any possible adverse consequences of arsenic exposure. Thus, 

the effect of relatively short-term (2 – 5 weeks) exposure to arsenic on -synuclein 

is either (i) immediate and persistent with little effective compensatory response 

post-exposure, or (ii) the effects of the relative short-term exposure to arsenic 

initiate events that develop over the remainder of the lifetime of the animal and are 

evidenced at autopsy. More detailed temporal studies will be required to resolve 

these alternatives.  

No behavioral changes associated with decreased motor function were 

observed (Figure 3.4A). However, a significant weight gain in the untreated 

animals (Figure 3.4B), likely impacted task performance. Moreover, motor 

symptoms in Parkinson’s disease only become noticeable after the loss of >60% 

of dopaminergic neurons (Jankovic, 2008b), which may indicate that the arsenic 
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exposures levels and duration used in the present study were insufficient to induce 

motor deficits. Again, more detailed studies will be necessary to expand on our 

initial findings. In particular, behavioral tests require a large number of animals due 

to significant inter-individual variations in animal personality (Brooks and Dunnett, 

2009). Nonetheless we did observe the accumulation of -synuclein in the cortex 

of animals exposed to arsenic for 5 weeks, and to a lesser extent in the striatum 

(Figure 3.5). The localization of -synuclein in the cortex is indicative of a more 

dementia with Lewy bodies like pathology, rather than Parkinson’s disease-like 

pathology (Beyer et al., 2009).  

Tyrosine hydroxylase immunoreactivity, the rate-limiting enzyme in 

dopamine production, was also increased in the animals exposed to arsenic for 5 

weeks (Figure 3.6, 3.7). -synuclein can inhibit tyrosine hydroxylase expression 

and function (Alerte et al., 2008,Perez et al., 2002a,Yu et al., 2004), and arsenic 

can decrease dopamine levels (Yadav et al., 2010b). Thus, the increased tyrosine 

hydroxylase expression in arsenic exposed animals is likely due to the 

engagement of compensatory mechanisms to overcome the combined negative 

effects of -synuclein and arsenic on dopaminergic function. LC3-I and LC3-II were 

also significantly elevated in the cortex and striatum of arsenic treated animals 

(Figure 3.7) consistent with the findings by Teng et. al.(2015) and with our in vitro 

studies. LC3 elevations, coupled to increased protein UB, suggest increased 

autophagy vacuole accumulation in the brain of arsenic exposed animals. Widely 

unrecognized behavioral symptoms of Parkinson’s disease appear decades 

earlier, which include sensory deficits, cognitive issues, and sleep disturbances. 
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Moreover, the brain pathology during the period preceding an official Parkinson’s 

diagnosis is not well studied (Postuma et al., 2012) . It is possible that pathological 

changes observed in mice, precede visible Parkinson’s disease and/or dementia 

with Lewy bodies clinical symptoms. Taken together, the results suggest that 

transient exposure to arsenic can induce stress response pathways in the brain, 

and the effects persist even after removal of the toxicant. 

In summary, our findings provide novel insights into how low level arsenic 

exposure may contribute to the formation of toxic -synuclein species. Moreover, 

acute exposure to arsenic is sufficient to induce changes that may contribute to 

neurodegeneration, and in particular to synucleinopathies. 
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Figure 3.1 
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Figure 3.1: Arsenic (As) exposure stimulates the accumulation of -

synuclein (SYN) into intracellular inclusions and it’s colocalization with the 

autophagy marker LC3. ATRA-differentiated SH-SY5Y cells were exposed to 25 

ppb As for 72 hours, and immunocytochemical analysis performed on (A) control, 

(B) As-exposed cells, (C) Co-localization of SYN (red) and LC3 (green) in As 

exposed cells. Cells were stained for SYN (red), nuclear stain (blue), or LC3 

(green), Scale bar = 10 μm. 
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Figure 3.2 
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Figure 3.2: Exposure to low level As increases the levels of ubiquitin (UB) 

and glutathionylated proteins, -synuclein (SYN) oligomerization, and the 

expression of various stress markers. SH-SY5Y cells overexpressing SYN 

were exposed to increasing As concentrations (5, 10, 25, and 50 ppb) for 72 hours, 

followed by Western blot analysis of UB and glutathionylated proteins, and the 

stress protein markers γ-GCS, LC3, p62, and NQO1; Note, different imaging 

exposure levels were employed. 
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Figure 3.3 
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Figure 3.3: Densitometry analysis of in vitro Western blot samples displaying 

a dose dependent increase in ubiquitin (UB) and glutathionylated proteins, 

-synuclein (SYN) oligomerization and increased expression of stress 

markers (γ-GCS, LC3, p62, and NQO1). Column statistics with two-tailed T-tests; 

*significant difference from control samples (p<0.05), **significant difference from 

control samples (p<0.01), and ***significant difference from control samples 

(p<0.001). 
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Figure 3.4 
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Figure 3.4: The effects of short-term (2 or 5 weeks) arsenic (As) exposure on 

body weight and locomotor activity in mice. A) Locomotor activity was 

assessed by beam test of mice exposed to 100 ppb arsenic for 2 and/or 5 weeks, 

B) Weight of all mice in study. One-way ANOVA with Tukey’s multiple comparison 

tests; *significant difference from control animals (p<0.05). 
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Figure 3.5 
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Figure 3.5: Short-term (2 or 5 weeks) arsenic (As) exposure causes changes 

in α-synuclein (SYN) expression in mouse brain. Immunohistochemical 

analysis shows increased SYN (brown) staining in the cortex (A, B, and C) and 

striatum (D, E, and F) (Bregma Zero) of mice exposed to 100 ppb As, 

counterstained with hematoxylin/eosin (purple/pink). A) Control cortex, B) 2 week 

As exposure [cortex], C) 5 week As exposure [cortex], D) control striatum, E) 2 

week As exposure [striatum] and F) 5 week As exposure [striatum]. Scale bar = 10 

μm. 
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Figure 3.6 
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Figure 3.6: Short-term (2 or 5 weeks) arsenic (As) exposure causes changes 

in tyrosine hydroxylase expression in mouse brain. Immunohistochemistry of 

Tyrosine Hydrozylase (TH ) (brown) in the cortex and striatum from mice at low 

magnification (A, B, and C) and immunohistochemistry showing increased TH 

(brown) staining in the striatum D, E, and F) (Bregma Zero) of mice exposed to 

100 ppb As, counterstained with hematoxylin/eosin(purple/pink). A) Control, B) 2 

week As exposure, and C) 5 week As exposure, D) control striatum, E) 2week As 

exposure striatum, and F) 5 week As exposure striatum. Low magnification scale 

bar = 10 μm (A, B, and C) and high magnification scale bar = 10 μm (D, E, and F). 
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Figure 3.7 
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Figure 3.7: Short-term (2 or 5 weeks) arsenic (As) exposure results in the 

oligomerization of α-synuclein (SYN), and increases in ubiquitinylated 

proteins and LC3 expression in mouse brain. Western blot analysis with 

densitometry of tissue showing increased SYN oligomerization and increased UB 

and LC3 from mice exposed to 100 ppb arsenic for 2 weeks or 5 weeks. A) Western 

blots staining for SYN, UB, LC3, TH and GAPDH. B) Densitometric analysis of the 

Western blots, normalized to GAPDH. One-way ANOVA with Tukey’s multiple 

comparison tests; *significant difference from control animals (*p<0.05, **p<0.01, 

***p<0.001) and #significant difference from 2 week treated animals (#p<0.05) 
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Abstract: 
 

3,4-(±)-Methylenedioxymethamphetamine (MDMA; ecstasy) is a 

hallucinogenic amphetamine derivative, with a high abuse potential. The initial 

acute effects of MDMA are hyperthermia, hyperactivity, and behavioral changes, 

which are followed by long-term serotonergic neurotoxicity which, in rats and 

primates, including humans, manifests as serotonergic axonal degeneration, 

depletion of indolamines and serotonin reuptake transporters. However, the 

underlying mechanism of neurotoxicity remains elusive. We have shown that pre-

treatment of rats with Ro 4-1284 (Ro), a reversible inhibitor of vesicular 

monoamine transporter 2 (VMAT2), reduced hyperactivity in rats, and abolished 

the hyperthermic response and long-term neurotoxicity. The current study focused 

on the relative protective effects of co- and/or post-inhibition of VMAT2 following 

MDMA administration. Sprague Dawley rats were implanted (i.p.) with Subcue® 

temperature dataloggers to monitor body temperature. After a recovery period 

animals, were administered MDMA (20, 25, or 27.5 mg/kg s.c.), with co- and/or 

post-treatment with the VMAT2 inhibitor (10 mg/kg i.p.). One week following 

treatment, animals were euthanized and brains were microdissected for analysis 

of indolamines. Rats simultaneously treated with Ro and MDMA exhibited a more 

rapid increase in body temperature compared to animals treated with MDMA 

alone. However, the persistence of the elevated body temperature in co-treated 

animals was significantly shortened compared to rats only treated with MDMA 

(~3hrs vs 8 hrs, respectively). A similar body temperature response was observed 

in rats post-treated (7 hours after MDMA) with Ro compared to animals only 
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receiving the co-treatment. Despite decreases in the AUC of body temperature 

with the Ro treatments, there were no significant differences in the extent of 

indolamine depletion between MDMA treated rats and MDMA/Ro rats. The results 

suggest that the long-term neuroprotective effects of VMAT2 inhibition is more 

likely due to the indirect monoamine depleting effects of the Ro pre-treatment, 

rather than by direct inhibition of VMAT2 function per se. 
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Introduction 

3,4-(±)-Methylenedioxymethamphetamine (MDMA, Ecstasy) is a 

psychostimulant amphetamine derivative. It has biphasic neuropharmacological 

effects. Initially, MDMA increases synaptic monoamine levels, mainly serotonin, 

leading to psychological changes; euphoria, increased empathy, hyperesthesia, 

hyperactivity, and mild hallucinations; and physiological changes, primarily 

hyperthermia (Capela et al., 2009). Due to the short-term effects of MDMA it is 

frequently abused at “rave parties”, usually in combination with other drugs, 

rendering abusers susceptible to adverse drug effects. The main long-term effect 

of MDMA exposure in rats and primates is serotonergic neurotoxicity, manifest as 

depletions in serotonin, a reduction in serotonin axonal density, and increased 

inflammation (Capela et al., 2009). However, the underlying multifactorial 

mechanisms of MDMA neurotoxicity remain unclear. 

MDMA‘s ability to increase synaptic serotonin, dopamine, and 

norepinephrine is attributed to reversal of the serotonin,, dopamine, and 

norepinephrine transporters (Berger et al., 1992, Crespi et al., 1997, Gudelsky and 

Nash, 1996, Ramamoorthy and Blakely, 1999). MDMA also disrupts vesicular 

monoamine transporter 2 (VMAT2) function (Partilla et al., 2006), the main amine 

transporter on neuronal storage vesicles. Furthermore, MDMA partially inhibits 

monoamine oxidase (MAO)-A, and to a lesser extend MAO-B (Leonardi and 

Azmitia, 1994,Steuer et al., 2016), enzymes involved in serotonin, dopamine, and 

norepinephrine metabolism, and which is located on neuronal cell mitochondrial 

membranes, and in glial cells. Amphetamines and related compounds, such as 



 

 

179 
 

MDMA, also disrupt the pH gradient across vesicular membranes, which is 

important to maintain VMAT2 function (Fleckenstein and Hanson, 2003). In 

summary, MDMA increases cytoplasmic neurotransmitter levels by inhibiting their 

storage and degradation, and causes carrier-mediated neurotransmitter release, 

leading to increased neurotransmitter levels in the synaptic cleft.  

The mechanism(s) of MDMA induced long-term neurotoxicity is 

multifactorial, and cannot be associated to a single cause. MDMA causes acute 

hyperthermia, inhibition of hyperthermia is protective against MDMA neurotoxicity. 

However, repeated administration of MDMA (4 mg/kg, twice per day, 4 days) to 

rats does not result in marked hyperthermia, yet still causes long-term neurotoxicity 

(O'Shea et al., 1998). Moreover, evidence suggests that the long-term 

neurotoxicity of MDMA can occur even under hypothermic conditions (O'Shea et 

al., 2006). However, compounds that inhibit MDMA neurotoxicity also tend to 

inhibit MDMA induced acute hyperthermia (Farfel and Seiden, 1995, Malberg et 

al., 1996, Soleimani Asl et al., 2013), although some of these protective 

compounds (Ketanserine, MK801, N-nitro-L-arginine) can offer protection in a 

temperature independent manner (Capela et al., 2006,Capela et al., 2007). 

Inhibition of MAO-B also produces a neuroprotective effect against MDMA, without 

reduction of acute hyperthermia (Alves et al., 2007,Sprague and Nichols, 1995). 

Thus, under certain circumstances, hyperthermia may be required for MDMA 

induced long-term neurotoxicity, but in-and-of-itself is not sufficient.  
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Studies from our laboratory, and others, have demonstrated the importance 

of serotonin reuptake transporters and VMAT2 function in the short- and long-term 

effects of MDMA.. Pharmacological inhibition of the serotonin reuptake transporter 

by selective serotonin reuptake inhibitors, or serotonin reuptake transporter  

knockout, results in protection against MDMA induced long-term neurotoxicity 

without reversal of hyperthermia (Li et al., 2010, Lizarraga et al., 2014, Orio et al., 

2004, Sanchez et al., 2001). Furthermore, Lizarraga et. al. (2015) demonstrated 

that pretreatment of rats with the VMAT2 reversible inhibitor, Ro 4-1284, one hour 

prior to MDMA administration, leads to attenuation of hyperactivity, hyperthermia, 

and long-term serotonergic neurotoxicity in rats (Lizarraga et al., 2015). However, 

it is unclear whether the protective effects of Ro 4-1284 were due to inhibition of 

VMAT2 function or to depletion of monoamines prior to MDMA exposure. We 

hypothesize that the protective effects of Ro 4-1284 are not a direct function of 

VMAT2 inhibition, but rather are due to its ability to deplete catecholamines We 

therefore investigated the role of Ro 4-1284 in protection against MDMA induced 

neurotoxicity, and assessed whether co- or post-treatment with Ro 4-1284 resulted 

in protection against MDMA instigated long-term neurotoxicity. 
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Materials and Methods 

Drugs and Chemicals: (±)MDMA-HCl was obtained from the NIDA Drug Supply 

Program (Bethesda, MD). The VMAT2 inhibitor, Ro 4-1284 (2-Hydroxy-2-ethyl-3-

isobutyl-9, 10-dimethoxy -1,2,3,4,5,6,7–hexahydrobenzo[a]chinolizine), was 

purchased from Sigma-Aldrich.  

 

Subjects: Male Sprague-Dawley (SD) rats, weighing 200 grams, were obtained 

from Harlan Laboratories (Indianapolis, IN). Animals were housed in groups of 

three to four per cage and maintained on a 12:12h light/dark cycle (lights on at 

7:00h). Food and water were provided ad libitum. Animals were acclimated for one 

week prior to initiating experiments. Procedures were carried out in accordance 

with the University of Arizona Institutional Animal Care and Use Committee.  

  

Dosing: Pharmacological inhibition of VMAT2 was achieved by co- and/or post-

treatment with Ro 4-1284 (10mg/kg, i.p.) dissolved in DMSO. Animals dosed with 

MDMA (20, 25, and/or 27.5 mg/kg, s.c.) received a single injection of Ro 4-1284 

immediately after the MDMA dose, or 7 hours after the MDMA dose. Principles of 

interspecies scaling predict a dose of 1.28 mg/kg (96 mg/75kg) in humans to be 

equivalent to a neurotoxic dose of MDMA of 20 mg/kg in rats (Ricaurte et al., 2000). 

Recreational doses of MDMA have been found to range from 75-125 mg of (±)-

MDMA for a single dose, which are found within the neurotoxic threshold dictated 

by interspecies scaling (Ricaurte et al., 2000).  
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Core Body Temperature:  Mini subcue data-loggers from SubCue® (Calgary, 

Canada) were implanted into the peritoneal cavity. Animals were anesthetized with 

isoflurane (5% in air) and kept under anesthesia with 2-3% isoflurane in air for the 

duration of the surgery. A small incision (~1.5 cm) was made along the top of the 

right leg, where the temperature datalogger was inserted. Rats were given a 4-day 

recovery period. Body temperature was monitored for 24 hours prior to any 

treatment to establish a baseline, and 48 hours post treatment in intervals of 5 min. 

Ambient temperature was kept at ~22˚C prior and during the entire treatment 

period.     

 

Neurotransmitter Isolation: Animals were euthanized 7 days after MDMA 

administration via CO2 asphyxiation followed by decapitation.  Brains were excised 

and micro-dissected, collecting the frontal cortex and striatum for neurotransmitter 

concentration analyses.  Tissue was weighed and suspended in 10 volumes of ice-

cold 0.1 M perchloric acid (170 μM EDTA and 263 μM octane-sulfonic acid sodium 

salt).  The tissue was subsequently sonicated for 15 s followed by centrifugation 

at 16,000 g (4 °C) for 20 min, and the supernatant filtered through a 0.45 μm 

membrane and used for monoamine detection via high performance liquid 

chromatography coupled to an electrochemical detector (HPLC-ECD). 

 

HPLC-ECD: Neurotransmitter analysis was achieved using a Shimadzu 10ADvp 

system equipped with an EICOMPAK SC-3 ODS, 3 μm, 3x100 mm column (San 

Diego, CA) coupled to an EICOM ECD 700 system, with a Power Chrome EPC 
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500 date processor (San Diego, CA).  The mobile phase consisted of 42 mM citric 

acid monohydrate, 3.78 M sodium acetate, 786 μM octane-sulfonic acid sodium 

salt, 17 μM EDTA, and 20% (v/v) methanol, pH 3.5.  The flow rate was 0.345 

mL/min.  The electrochemical potential was set at +750 mV. Aliquots (30 μL) of 

tissue preparation were used per injection, and peak areas were compared to a 

standard curve of dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), serotonin, 

and 5-HIAA to achieve quantitation.  

      

Statistics: Results are presented as absolute values and expressed as the mean 

± SE (n = 4 -10). The effects of MDMA on core body temperature were analyzed 

by two-way ANOVA (treatment group x time interval) with time as a repeated 

measure, followed by Bonferroni post hoc tests. Peak body temperature, 

temperature AUC, and neurotransmitter concentrations were analyzed by one-way 

ANOVA followed by Bonferroni post hoc tests.  All analyses were performed using 

GraphPad Prism software (Version 6.07, La Jolla, CA). 

 

Results 

Co- and Post-Treatment with VMAT2 Antagonist Partially Inhibits MDMA 

Induced Hyperthermia: Administration of single dose of MDMA (20, 25, and/or 

27.5 mg/kg) caused hyperthermia in rats (Figure A.1), which was sustained for up 

to seven hours.  Co-treatment of rats Ro 4-1284 along with 20 mg/kg MDMA 

caused a sharp increase in body temperature compared to MDMA alone or MDMA 

with post treatment of Ro 4-1284 (Figure A.1 A). Similarly, the 27.5 mg/kg MDMA 
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group co-treated with Ro 4-1284 exhibited a sharp rise in body temperature 

compared to MDMA alone or MDMA and post treatment with Ro 4-1284 (Figure 

A.1 C).  However, the hyperthermia in co-treated groups (20 and 27.5 mg/kg 

MDMA) was not sustained for as long as in the group treated with MDMA alone or 

the group treated with MDMA and post treatment of Ro 4-1284, and body 

temperatures returned to levels comparable to controls after 3 hours (Figure A.1: 

A, C).  Two-way repeated ANOVA of body temperature for the 20 mg/kg MDMA 

group (Figure A.1: A) did not show significant effects between treatment groups. 

However, statistical analysis showed significant effects of time interval (F (432, 

2016) = 5.688, p<0.0001), and a significant treatment x time interaction (F (144, 

2016) = 6.683, p<0.0001). Bonferroni post hoc tests confirmed a significant 

hyperthermic effect in the 20mg/kg MDMA-treated rats co-treated with Ro 4-1284 

when compared to their saline counterparts between 50 minutes and 2 hours 15 

minutes after treatment. The 20 mg/kg MDMA-co-treatment group also showed 

intermittently significant increases (~1 hour) and significant decreases (~4 hours) 

in body temperature compared to the groups receiving either 20 mg/kg MDMA 

alone or 20 mg/kg MDMA with post-Ro 4-1284 treatment. Two-Way repeated 

measures ANOVA of body temperature for the 25mg/kg MDMA group (Figure A.1: 

B) revealed significant effects of treatment group (F (1, 10) = 47.57, p<0.0001), 

significant effects of time interval (F (167, 1670) = 6.999, p<0.0001), and a 

significant treatment x time interaction (F (167, 1670) = 8.410, p<0.0001). 

Bonferroni post hoc tests for the 25 mg/kg MDMA group (Figure A.1: B) showed a 

significant increase in hyperthermia compared to their saline counterparts, 
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between 45 minutes to 7 hours. The time point for post-treatment of Ro 4-1284 

was selected based on previous results showing a drop in hyperthermia in MDMA 

treated animals after 7 hours (Lizarraga et al., 2015). Two-Way repeated measures 

ANOVA of body temperature for the 27.5 mg/kg MDMA group (Figure A.1: C) 

showed significant effects of treatment group (F (3, 19) = 11.21, p<0.001), 

significant effects of time interval F (144, 2736) = 27.42, p<0.0001), and a 

significant treatment x time interaction (F (432, 2736) = 14.38, p<0.0001). 

Bonferroni post hoc tests confirmed a significant increase in body temperature with 

27.5 mg/kg MDMA alone, and with the 27.5 mg/kg MDMA and Ro 4-1284 post-

treatment group compared to their saline counterpart, between 45 minutes to 7 

hours. As noted above, the 27.5 mg/kg MDMA-co-treatment group showed a 

significant increase in body temperature between 30 minutes to 3 hours 20 minutes 

relative to controls.  

Similar to data illustrated in Figure A.1A, the 27.5 mg/kg MDMA/Ro 4-1284 

co-treatment group also showed intermittent significant increases (~1 hour) and 

significant decreases (~4 hours) in body temperature compared to the 27.5 mg/kg 

MDMA alone and 27.5 mg/kg MDMA/Ro 4-1284 post-treatment groups (Figure 

A.1C). It is interesting to note that both MDMA-post-treatment groups (20 and 27.5 

mg/kg) exhibited a dramatic decrease in body temperature after Ro 4-1284 7 hours 

post MDMA treatment, with a significant decrease in the 27.5 mg/kg MDMA/Ro 4-

1284 post-treatment group compared to the 27.5 mg/kg MDMA alone group 

(Figure A.1: C). One-Way ANOVA analysis (F (3, 18) = 11.29, p<0.001) with 

Bonferroni post hoc tests of peak body temperature (Figure A.2A-C) showed a 
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significant increase in the 20 mg/kg MDMA/Ro 4-1284 co-treatment group (Figure 

A.2A) compared to controls. However, we did not observe significant hyperthermic 

changes in the 20 mg/kg MDMA alone or 20 mg/kg MDMA/Ro 4-1284 post-

treatment group. Two-tailed t-test of the 25 mg/kg MDMA group (Figure A.2B) 

showed that the MDMA treated group had significantly higher peak body 

temperature compared to controls. One-way ANOVA analysis of the 27.5 mg/kg 

MDMA group’s peak body temperature (F (3, 24) = 29.91, p<0.0001) with 

Bonferroni's multiple comparisons test showed a significant increase in all 

treatment groups. For temperature AUC analysis (Figure A.2D-F) the average of 

each control group over the duration of the experiment was considered a baseline 

(20 mg/kg = 37.61˚C, 25 mg/kg = 36.89˚C, and 27.5 mg/kg = 36.83˚C). One-Way 

ANOVA analysis with Bonferroni post hoc tests of temperature AUC showed no 

significant difference in any of the 20 mg/kg MDMA groups (Figure A.2D). 

Nevertheless, all other groups exhibited a significant increase in body temperature 

AUC compared to controls (Figure A.2E, F). One-Way ANOVA analysis of the 27.5 

mg/kg MDMA group’s temperature AUC (F (3, 19) = 25.95, p<0.0001) with 

Bonferroni's multiple comparisons test revealed a significant increase in all 

treatment groups. The significant decrease in temperature AUC (2 fold) of the 27.5 

mg/kg MDMA-co-treatment group compared to the 27.5 mg/kg MDMA alone group 

(Figure A.2F) is worthy of note. In summary, Ro 4-1284 co- and/or post-treatment 

with MDMA, does not fully abolish hyperthermia, although it significantly reduces 

the period that animals experience hyperthermia.  
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Co- and Post-Treatment of Rats with a VMAT2 Antagonist Does Not Protect 

Against MDMA Induced Neurotoxicity: One week after the MDMA/Ro 4-1284 

dosing regimen, animals were euthanized and assessed for indolamine depletions, 

an accepted marker of serotonergic neurotoxicity in rats. Although there are 

reductions of indolamines in the 20 mg/kg MDMA group, one-way ANOVA analysis 

with Bonferroni post hoc tests of serotonin and 5-HIAA showed no significant 

changes in the 20 mg/kg MDMA group (Figure A.3A). Two-tailed t-tests performed 

on the 25 mg/kg MDMA group (Figure A.3B) showed significant decreases in both 

serotonin and 5-HIAA levels compared to their control group. In the 27.5 mg/kg 

MDMA groups, one-way ANOVA analysis with Bonferroni post hoc tests of 

serotonin (cortex; F (3, 14) = 11.06, p<0.001, striatum; F (3, 14) = 14.01, p<0.001) 

and 5-HIAA HT (cortex; F (3, 14) = 7.763, p<0.01, striatum; F (3, 14) = 7.873, 

p<0.01) depletions showed significant changes between all treatment groups 

compared to control (Figure A.3C). The 27.5 mg/kg MDMA alone group caused, 

on average, > 60% drop in serotonin levels in the striatum and cortex compared to 

saline controls (~2 pmol 5-HT/mg of tissue for control compared to ~0.7 pmol 5-

HT/mg tissue for MDMA alone). Both Ro 4-1284/MDMA co- and post-treatment 

groups exhibited a slight protection against MDMA induced indolamine depletions, 

although serotonin and 5-HIAA levels were not significantly different from the 

groups receiving MDMA alone 

Catecholamine levels were analyzed in the striatum of all the animals to 

confirm neurotoxicity by MDMA exclusively in serotonergic neurons (Figure A.4). 
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MDMA (20, 25, and/or 27.5 mg/kg) did not have any significant effect on dopamine 

or its metabolite, DOPAC, in the striatum compared to controls. 

 

In summary, although co- and/or post-treatment of MDMA with Ro 4-1284 

caused a slight recovery of indolamine content in striatum and cortex, VMAT 

inhibition does not afford significant protection against MDMA induced long-term 

serotonergic neurotoxicity. 

 

 

Discussion  

Pretreatment of rats with Ro 4-1284, a reversible inhibitor of VMAT2, one 

hour prior to MDMA administration, affords full protection against the short-term 

hyperthermic and hyperactive effects of MDMA, and against the long-term 

serotonergic neurotoxicity (Lizarraga et al., 2015). Furthermore, compounds that 

have exhibit a similar mechanism of action to Ro 4-1284 (i.e. lobeline or reserpine) 

can offer protection from amphetamine- and/or MDMA-induced hyperthermia and 

neurotoxicity (Eyerman and Yamamoto, 2005,Yuan et al., 2002). We 

demonstrated that co-administration of Ro 4-1284 (10 mg/kg i.p.) with MDMA (20, 

or, 27.5 mg/kg s.c.) caused a more rapid onset of hyperthermia, yet the duration 

of hyperthermia was significantly shorter than in rats receiving MDMA alone 

(Figure A.1). In addition, animals co-treated with Ro 4-1284 and MDMA (27.5 

mg/kg) exhibited a significant decrease in body temperature AUC compared to 

groups receiving just MDMA alone (Figure A.2F). Despite the lowered temperature 
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AUC, co- and/or post-treatment with Ro 4-1284 did not protect against MDMA-

induced long-term neurotoxicity, as monitored by measurements of serotonin and 

5-HIAA levels in the cortex and striatum (Figure A.3). Thus, the protective effects 

of VMAT2 inhibition prior to MDMA administration are ostensibly the result of 

indolamine and catecholamine depletion. It is important to note that co- and/or 

post-treatment with Ro 4 1284 increased lethality in the 27.5 mg/kg MDMA group. 

Thus, only one animal from the MDMA alone group was found deceased, whereas 

while five animals from the co-treatment group, and four from the post-treatment 

group died. 

As noted above, hyperthermia plays a major role in the modulation of 

MDMA induced long-term neurotoxicity, although it is not an essential requirement. 

Oxidative stress may also be a major contributor to MDMA induced long-term 

neurotoxicity. Hydroxyl radicals can be detected in the brain after administration of 

MDMA (Shankaran et al., 1999,Gorska et al., 2014) as can indices of lipid 

peroxidation (Cadet et al., 2001,Alves et al., 2009a). The oxidative stress detected 

after MDMA administration is likely produced via the oxidation of MDMA 

metabolites; via the oxidation of neurotransmitters including serotonin, dopamine, 

and norepinephrine; via increased nitric oxide (NO) production from NO synthase;  

excitotoxicit;  and via increased intracellular calcium levels (Capela et al., 2009, 

Sarkar and Schmued, 2010). The MAO-B mediated metabolism of indolamines, 

catecholamines, and even metabolites of MDMA, generates hydrogen peroxide, 

which in the presence of free iron can generate hydroxyl radical, which can cause 

structural damage to mitochondria and mutations in mitochondrial DNA. 
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Consequently, inhibition of MAO-B protects against MDMA induced neurotoxicity, 

without attenuating hyperthermia. In the same manner, hydroxyl radical chelators 

and antioxidants have a protective effect on MDMA induced long-term 

neurotoxicity (Alves et al., 2009a,Sprague and Nichols, 1995). Interestingly, 

oxidative stress is modulated by temperature, with hyperthermia being favorable 

to the induction of oxidative stress, whereas hypothermia has an opposite effect 

(Colado et al., 1999).  

Dopamine has been directly implicated as a major player in MDMA induced 

neurotoxicity. In addition to hydroxyl radical formation, dopamine metabolism by 

MAO enzymes produces 3,4-dihydroxyphenylacetaldehyde (DOPAL), a well-

known aldehyde neurotoxicant (Segura-Aguilar et al., 2014). MDMA and MDMA 

thioether metabolites stimulate extracellular dopamine uptake in hSERT (human 

serotonin reuptake transporters) transfected SK-N-MC cells (Jones et al., 2004). 

Moreover, serotonin reuptake transporters can transport dopamine into the 

cytoplasm independent of MDMA (Larsen et al., 2011).  Vascularized dopamine is 

protected by the low pH of the vesicle (pH ~5.5), but can autoxidize in the cytosol 

under physiological conditions (pH ~7.4), leading to the generation of reactive 

ortho-quinones, which can react with free thiols and thiols on proteins, redox cycle, 

and oxidative stress (Segura-Aguilar et al., 2014). Since MDMA disrupts vesicular 

storage, uptake of dopamine by serotonergic neurons would lead to the generation 

of toxic ortho-quinones and hydroxyl radicals within the cytoplasm, leading to 

oxidative stress, protein adduction, decreases in neuronal thiol content, and 

eventually axonal degeneration and long-term-depletion of indolamines. 
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Depletion of dopamine or lesioning of dopaminergic cells by 6-hydroxy-

dopamine prior to MDMA administration is neuroprotective (Stone et al., 1988, 

Schmidt et al., 1990) whilst co-administration of the dopamine precursors tyrosine 

or L-DOPA increases MDMA induced neurotoxicity (Goni-Allo et al., 2008, Schmidt 

et al., 1991), supporting a critical role for dopamine in the neurotoxicity. As noted 

above, inhibition of MAO-B affords protection against MDMA neurotoxicity; 

however, inhibition of MAO-A prior to MDMA treatment promotes hyperactivity, 

hyperthermia, and high mortality in experimental animals (Alves et al., 2009b). 

MAO-A, the main enzyme in dopaminergic cells, has a higher affinity for dopamine 

than MAO-B, the main enzyme in serotonin cells (Segura-Aguilar et al., 2014). 

Moreover, in dopaminergic cells the dopamine synthesizing enzymes, tyrosine 

hydroxylase and aromatic amino acid decarboxylase, form a complex with VMAT2, 

which transports dopamine into the cytosol immediately after synthesis, preventing 

dopamine accumulation in the cytosol (Cartier et al., 2010). Similar interactions 

occur between the dopamine transporter (DAT), synaptogyrin-3 (vesicular protein), 

and VMAT2 in dopaminergic cells (Egana et al., 2009), facilitating uptake of 

dopamine from the extracellular space directly into the vesicle, thereby reducing 

cytosolic dopamine. It is important to note that dopaminergic cells express higher 

levels of aldehyde and alcohol dehydrogenase enzymes, which protects them from 

DOPAL neurotoxicity. Furthermore, a role for these enzymes in the Parkinson’s 

disease, and other dopaminergic related disorders, is recognized, DOPAL 

considered the main culprit (Marchitti et al., 2008). Given these considerations, 

serotonergic cells exposed to MDMA would facilitate the neuronal uptake of 



 

 

192 
 

dopamine by serotonin reuptake transporters, resulting in the accumulation of 

dopamine in the cytosol, promoting hydroxyl radical and reactive aldehyde 

formation, leading to severe oxidative and dopamine induced toxicity.  Hence, 

pretreatment with Ro 4-1284 should lead to depletion of indolamines and 

catecholamines, providing protection against MDMA induced long-term 

neurotoxicity, whereas co- or post-treatment with Ro 4-1284 is unable to offer 

protection. Additionally, depletion of catecholamines should lead to inhibition of 

MDMA induced hyperthermia, since antagonism of D1 receptors protects against 

MDMA induced hyperthermia and long-term neurotoxicity (Granado et al., 

2014,Mechan et al., 2002). Although co-treatment with Ro 4-1284 reduced the 

temperature AUC by ~50% compared to rats only receiving MDMA (Figure A.2), 

the reduction in the hyperthermic response did not significantly affect long term 

depletions in serotonin (Figure A.3).  

As emphasized above, MDMA neurotoxicity is dependent on multiple 

factors, reductions in which (oxidative and quinone/aldehyde induced stress, 

hyperthermia, or transport of toxicant into the cell) should hinder the cells from 

reaching critical levels of stress that result in neurodegeneration. There are at least 

two different explanations for how a reduction in one pathway to MDMA 

neurotoxicity disrupts long-term neurotoxicity; 1) a stress threshold level, where if 

a threshold is reached, neurons undergo irreversible changes leading to severe 

cellular damage and long-term MDMA neurotoxicity, or 2) multiple pathways in 

concert lead to synergistic long-term MDMA neurotoxicity and the removal of one 

pathway attenuates neurotoxicity. Most likely all the protective interventions and 
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compounds referenced above reduce neuronal stress below levels that initiate cell 

death, or interfere with the synergy required for MDMA induced long-term 

neurotoxicity. Given the vast body of evidence that supports multiple avenues to 

MDMA toxicity, the notion that such a mechanism remains to be elucidated should 

be revised or abandoned. Mechanisms of MDMA neurotoxicity are well 

documented, and cannot be attributed to a single cause. The multifactorial nature 

of MDMA neurotoxicity is not fully appreciated, and should be recognized more 

broadly. 

In summary, the protective effects of Ro 4-1284 pre-treatment are due to 

depletion of indolamines and catecholamines (specifically dopamine), which 

simultaneously block MDMA induced hyperthermia. Although co- and /or post-

treatment with Ro 4-1284 reduces the duration of hyperthermia, it is insufficient to 

protect against MDMA induced long term serotonergic neuronal cell damage. 
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Figure A.1 
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Figure A.1: Co- and/or post-treatment with Ro 4-1284 does not affect MDMA 

induced hyperthermia. Body temperature was recorded using temperature 

dataloggers implanted in the intraperitoneal cavity. A) 20 mg/kg MDMA dose, B) 

25 mg/kg MDMA dose, and C) 27.5 mg/kg MDMA dose.  Results are expressed 

as means +/- SE (n= 3–9) and represent temperature measurements collected 

from all four treatment groups. 
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Figure A.2 

 



 

 

198 
 

Figure A.2: Ro 4-1284 treatment partially decreases body temperature AUC 

but does not significantly affect peak body temperature. Peak body 

temperature (A-C) and body temperature AUC (D-F). Graphs represent peak body 

temperature of A) 20 mg/kg MDMA, B) 25 mg/kg MDMA, and C) 27.5 mg/kg 

MDMA. AUC was calculated by a baseline body temperature set at the average of 

saline body temperature over the entire experiment. Graphs represent body 

temperature AUC of A) 20 mg/kg MDMA, B) 25 mg/kg MDMA, and C) 27.5 mg/kg 

MDMA. Values are different from the saline group at (**) P<0.01, (***) P<0.001, 

(****) P<0.0001, and from MDMA group at (##) P<0.01. 
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Figure A.3 
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Figure A.3: Co- and/or post-treatment with Ro 4-1284 does not protect 

against MDMA-induced serotonin (5-HT) and 5-HIAA depletions.  5-HT and 5-

HIAA levels were measured in cortex and striatum of animals 7 days after 

treatment with Ro4-1284 (10 mg/kg, i.p.) and/or MDMA (s.c.); A) 20 mg/kg MDMA, 

B) 25 mg/kg MDMA, and C) 27.5 mg/kg MDMA. Values are different from the saline 

group at (*) P<0.01, (**) P<0.001, (***) P<0.0001. 
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Figure A.4 
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Figure A.4:  Co- and post-treatment with Ro 4-1284 and MDMA does not affect 

striatal catecholamine levels. Dopamine (DA) and DOPAC concentrations were 

measured from striatum 7 days after MDMA exposure by HPLC-ECD. Ro4-1284 

(10 mg/kg, i.p.) was administered co- and/or 7 hours post-MDMA treatment; A) 20 

mg/kg MDMA, B) 25 mg/kg MDMA, and C) 27.5 mg/kg MDMA. No significance is 

observed between any of the treatment groups. 
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Conclusions and Future Directions 
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Dopamine, Levodopa, and -Synuclein 

Interactions between dopamine, levodopa, and -synuclein are suggested 

to play a central role in the development of Parkinson’s disease. However, the 

precise role of dopamine, levodopa, and -synuclein in disease progression 

remain unclear. Parkinson’s disease is a consequence of the loss of >60% of 

dopaminergic neurons residing in the substantia nigra pars compacta, a vulnerable 

population of cells in the midbrain (Jankovic, 2008b). Although considered an 

idiopathic disease for decades, recent advances in genetic research indicate that 

>25% of the Parkinson’s disease cases can be attributed to genetic predisposition 

(Klein and Westenberger, 2012). The importance of genetic factors becomes ever 

more significant, since each year new mutations and polymorphisms associated 

with Parkinson’s disease are identified in patients with Parkinson’s disease. 

-Synuclein is a small neuronal protein, and comprises 1% of total cytosolic 

protein (Stefanis, 2012). -Synuclein is recognized as a prion-like protein, and can 

translocate from the periphery to the central nervous system, and further spread 

into different brain regions (Prusiner et al., 2015,Brandel et al., 2015,Bernis et al., 

2015,Herva and Spillantini, 2015). At least five known single nucleotide 

polymorphisms in the gene that encodes -synuclein have been strongly linked to 

the development of familial forms of Parkinson’s (Appel-Cresswell et al.,2013, 

Kruger et al., 1998, Lesage et al., 2013, Polymeropoulos et al., 1997,Zarranz et 

al., 2004). All mutations associated with Parkinson’s disease occur in the N-

terminus of the protein, and are likely to cause increased aggregation of -
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synuclein. Under physiological conditions, the N-terminus of -synuclein forms an 

-helical structure, which produces an aggregation-resistant tetramer (Bartels et 

al., 2011,Wang et al., 2011b). Disruption of the stable tetramer, via decreased 

membrane binding or interaction with small molecules, such as dopamine, leads 

to aggregation and/or oligomerization of -synuclein. Currently, the differential 

toxicity of -synuclein oligomers, aggregates and fibrils is highly debated, since it 

is not clear if soluble aggregates or the insoluble fibrils represent the toxic species 

(Bousset et al., 2013, Conway et al., 2000,Conway et al., 2001, Peelaerts et al., 

2015,Pieri et al., 2012, Winner et al., 2011).  

The covalent interaction of dopamine and -synuclein has been 

demonstrated with radiolabeled dopamine and via other techniques (Conway et 

al., 2001a,Cappai et al., 2005,Illes-Toth et al., 2013). Further, it is well established 

that dopamine can form covalent adducts with cysteine residues in proteins, with 

adverse consequences (LaVoie and Hastings, 1999). Dopamine may also non-

covalently interact with -synuclein, producing neurotoxic species of -synuclein 

oligomers (Maguire-Zeiss et al., 2005,Norris et al., 2005). However, due to 

challenges in the identification of specific dopamine adducts on -synuclein, 

specific covalent adducts have yet to be demonstrated by mass-spectrometry 

techniques.  

The dopamine:-synuclein oligomers cause cellular toxicity, and inhibition 

of chaperone-mediated autophagy (Martinez-Vicente et al., 2008a). Although 

dopamine adduction promotes release of -synuclein to the extracellular space 
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(Lee et al., 2011), it is unclear whether it contributes to the prion-like spread of -

synuclein. It is also unclear whether dopamine:-synuclein oligomers augment 

misfolding of native -synuclein. It would therefore be beneficial to determine 

whether dopamine:-synuclein oligomers display seeding ability, and how this 

might stimulate the prion-like activity of -synuclein.  

In Chapter 2 we demonstrated the importance of lysine (K) residues of -

synuclein in the interaction with dopamine. Acetylation of Ks on -synuclein 

reduces dopamine- induced oligomer formation.  N--Acetylation of -synuclein 

enhances the helical conformation of -synuclein, and simultaneously decreases 

the -sheet structure, leading to decreased oligomer formation (Bartels et al., 

2014). The -helical structure of -synuclein facilitates stable tetramer formation, 

which is aggregation resistant (Bartels et al., 2011). The overall charge of -

synuclein also modulates its aggregation potential. When charged, -synuclein 

resides in an elongated state, making it more aggregation prone, and increasing 

its dopamine binding capacity (Illes-Toth et al., 2013). Thus, not surprisingly, 

acetylation of -synuclein decreases dopamine induced crosslink formation and 

the subsequent oligomerization of -synuclein. 

The amino acid sequence of -synuclein is unusual in that it contains 15 K 

residues, which are mainly located in the N-terminus -helix, and when in helical 

form the Ks arrange in a manner that places them in close proximity to one another 

(Bendor et al., 2013). This arrangement increases the nucleophilic activity of the 

KXK motifs (Labenski et al., 2009). Peptides containing the KXK motif, or multiple 
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Ks in close proximity, inhibit dopamine induced -synuclein oligomerization. 

However, we were unable to directly detect the covalent binding of dopamine 

and/or its conjugates to the synthetic peptides. Interestingly, we were able to detect 

dopamine binding to -MSH peptide, which has a K in close proximity to arginine. 

In the reactions with KXK peptides and dopamine or the thiol conjugates, the 

peptides become undetectable in solution. It is possible that these peptides are too 

reactive towards dopamine and form large polymers that are rendered 

undetectable. In contrast, the K on -MSH appears less reactive, permitting the 

detection of the covalent adducts. It is also possible that the lone K on -MSH is 

not sufficient to cause crosslinks, thus detection of dopamine adducts on -MSH 

becomes possible. 

Dopamine autoxidizes at physiological pH and stimulates the formation of 

complex -synuclein oligomers, which are undetectable by mass-spectrometry 

techniques. To decrease the complexity of dopamine reactions, one of the reactive 

sites on the aromatic ring was removed. The removal of the reactive site by N-

acetylcysteine (NAC) and/or glutathione (GSH) inhibits crosslinking of -synuclein 

by dopamine, while the SDS-resistant covalent adducts render a heavier protein. 

Although covalent adduction can be observed by Western blot, and MALDI-TOF 

analysis, the thiol-conjugates of dopamine remain redox active and polymerize 

further, rendering them undetectable. Dopamine is known to oxidize under cellular 

conditions and conjugate with GSH. Interestingly, the conjugates remain redox 

active and can cyclize in a process that may facilitate protein aggregation in 

Parkinson’s disease (Zhou and Lim, 2009,Zhou and Lim, 2010). Even though the 
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complexity of -synuclein crosslinks was reduced using the thiol-conjugates, we 

were still unable to identify specific sites of adduction, even when the bis-thiol 

conjugates of dopamine were used. Perhaps a less reactive conjugate of 

dopamine, which does not redox cycle, would greatly enhance the ability to detect 

specific residues on -synuclein susceptible to adduction. 

Levodopa, a precursor of dopamine, is the preferred treatment for 

Parkinson’s disease. Levodopa crosses the blood brain barrier, after which it is 

converted to dopamine. Although levodopa is toxic, it does not accelerate the rate 

of Parkinson’s disease progression, and may slow disease progression (Fahn et 

al., 2004). The extent of levodopa-induced complications are well known, yet are 

not due to deficits in dopaminergic neurotransmission (Bargiotas and Konitsiotis, 

2013). Both dopamine and levodopa disaggregate -synuclein and -amyloid 

fibrils, via the formation of quinones. It is unknown whether the breakdown of the 

macromolecular fibrils to soluble oligomers is protective or toxic (Li et al., 2004). 

Similarly, there remains much debate on whether dopamine--synuclein adducts 

are toxic or protective. In PC12 cells, dopamine and levodopa induce protein 

aggregation, which does not increase cellular toxicity (Yoshimoto et al., 2005). 

Others suggest that the dopamine-induced oligomeric forms of -synuclein are 

indeed neurotoxic, since they form pores on the cell membranes (Rochet et al., 

2004).  

Neuromelanin, which is formed from the interaction of autoxidized 

dopamine and proteins, lipids, and metals in the cell, is suggested to be 
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cytoprotective. In this regard, the metal chelation and oxidative stress buffering 

properties of neuromelanin may be pertinent (Okun, 1997,Sulzer et al., 2000a). In 

contrast, it is unclear why neuromelanin may become toxic. Neuromelanin 

accumulates in double membrane granules, which are essentially autophagic 

vacuoles (Munoz et al., 2012). It is possible that the cellular location of 

neuromelanin is a critical factor in determining its protective or deleterious 

properties. It is also feasible that excessive accumulation of neuromelanin renders 

the cell unable to sequester it inside the double membrane granules, resulting in a 

release of neuromelanin into the cytosol and ensuing toxicity. 

In attempts to decrease the complexity of the analysis of -

synuclein:dopamine adducts, levodopa thiol-conjugates were synthesized, which 

due to the carboxylic acid function, were considered to be less reactive. However, 

during incubation with -synuclein, the levodopa thiol-conjugates appear to form 

benzothiazines, a structure that resembles pheomelanin (red melanin), since the 

mixture turns red. As discussed in Chapter 2, the levodopa thiol-conjugates are 

actually very reactive, and produce even more -synuclein oligomers than either 

levodopa or dopamine thiol-conjugates. Since pheomelanin levels directly 

correlate with an increased risk of developing Parkinson’s disease (Gao et al., 

2009,Rumpf et al., 2015), it would be interesting to assess whether levodopa thiol-

conjugates contribute to the development of Parkinson’s disease and/or other 

synucleinopathies. It would therefore be of interest to assess the seeding capacity 

and prion-like activity of these thiol-conjugates, and their effects on -synuclein. At 

present, the mechanism of benzothiazine formation is unclear. .For example, is the 
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cyclization of the levodopa thiol-conjugates spontaneous, due to autoxidation at 

physiological pH, or does -synuclein play a role? The observation that incubation 

of dopamine at physiological pH resulted in the different dark color of melanin is 

pertinent, and was dependent upon the presence of -synuclein in the solution. 

DOPAL, the neurotoxic metabolite of dopamine, can bind to -synuclein. 

DOPAL adducts of -synuclein arise via Michael addition and Schiff-base 

formation. Ks 10, 12, 21, 32, 34, and 43 at the N-terminus of -synuclein were 

bound by DOPAL, by both the aldehyde and quinone moieties (Follmer et al., 

2015). These results suggest that most K residues on -synuclein are reactive, 

with no preferential site of adduct formation. However, direct dopamine binding to 

any -synuclein residues has yet to be demonstrated. Further research is needed 

to identify residues responsible for oligomer formation by dopamine, and the 

consequences thereof. 

 

Arsenic, -Synuclein, and Neurodegeneration 

Arsenic toxicity has been known for centuries. Nonetheless, the 

consequences of arsenic exposure remain ambiguous. Arsenic causes 

Parkinsonian-like symptoms, and affects similar cellular pathways that are affected 

in Parkinson’s disease and other neurodegenerative disorders (Singh et al., 2011). 

Furthermore, there is direct evidence that arsenic can induce behavioral changes 

(e.g. depression), a decrease verbal and thinking ability, decrease in IQ, and other 

neurological complications (National Research Council. Committee on Inorganic 
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Arsenic et al., 2013). Indeed, the National Research Council Committee 

recommends further research into the mechanisms of arsenic induced 

neurotoxicity. 

Arsenic causes a decrease in the thiol content of the cell, and an increase 

in oxidative stress (Ellinsworth, 2015,Jomova et al., 2011). Arsenic induced  

oxidative stress enhances the initiation of autophagy, yet inhibits autophagic flux, 

resulting in increased autophagic markers without completion of autophagy (Lau 

et al., 2013). Arsenic can also displace other metals from enzymes and proteins, 

such as zinc finger proteins, rendering many proteins nonfunctional (Zhou et al., 

2015). Arsenic inhibits chaperone function in yeast, inducing protein aggregation 

(Jacobson et al., 2012). Further, arsenic and dopamine may synergistically cause 

cytotoxicity (Shavali and Sens, 2008), since both arsenic and dopamine generate 

oxidative stress. 

In Chapter 3 we demonstrated that arsenic exposure, both in vitro and in 

vivo, causes accumulation of -synuclein. In SH-SY5Y cells exposed to 

environmentally relevant levels of arsenic, increases in cellular stress and 

autophagy markers were observed. Even at 10 ppb, arsenic causes visible 

increases in -synuclein oligomer formation. However, we did not assess the 

specific type of -synuclein oligomers, or whether these oligomers behave as 

prions. Further, we were unable to directly examine arsenic induced protein 

aggregation, and whether such consequences occur in mammalian cells. This 

represents an unexplored area for study, since most published research on arsenic 

predicts that protein aggregation should occur. 
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We detected astonishing levels of -synuclein accumulation in the mouse 

model, which involved a transient exposure of mice to arsenic at two months of 

age, followed by an exposure-free period, until the animals reached the geriatric 

age (18 months). In the arsenic-exposed animals the accumulation of -synuclein 

was accompanied by elevated autophagy markers. However, Lewy body 

generation in brain slices was not observed, although augmented -synuclein 

staining resembling Lewy neuritis were present. Immunohistochemical staining of 

-synuclein revealed a punctae neuropil staining, which is similar to presynaptic 

terminal staining (Kahle, 2008). Such results were unexpected, since the longest 

exposure in mice was only five weeks, and we anticipated the animals would fully 

recover from any arsenic induced toxicity by the time of euthanasia at geriatric age. 

More stunning was the discovery that tyrosine hydroxylase, an accepted 

dopaminergic marker, was upregulated in the brain of the arsenic-exposed mice. 

Since arsenic can decrease monoamine levels (Yadav et al., 2010b), and -

synuclein can inhibit tyrosine hydroxylase (Alerte et al., 2008,Perez et al., 

2002a,Yu et al., 2004), it is plausible that the increased tyrosine hydroxylase levels 

occurred as a compensatory mechanism activated in response to arsenic-induced 

toxicity.  

Although we showed an increase in -synuclein accumulation as a result of 

arsenic exposure, other studies have demonstrated a decrease in -synuclein 

expression (Teng et al., 2015). Differences in arsenic exposure times, 

concentration, routes of administration, and differences in model systems used to 
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conduct these experiments, make comparison of the research difficult (Singh et 

al., 2011). 

Although arsenic itself has not been linked to Parkinson’s disease, arsenic 

insecticide use has been directly correlated with elevated risk of developing late-

onset Parkinson’s disease (Elbaz et al., 2009). A timeline experiment with arsenic 

exposure in animals, through drinking water and/or other routes of administration, 

coupled to behavioral tests for detection of deficits in motor function, would be 

necessary to understand the full extent of arsenic’s contribution to the development 

of Parkinson’s disease. The main limitation of the arsenic study in the mouse 

model described in Chapter 3 was the sample size. It is recommended that during 

behavioral or motor function tests the accepted number of animals should be much 

higher than in conventional experiments (Button et al., 2013). Such studies require 

a larger number of animals, since each animal exhibits their own unique 

personality, and some may not participate in tests administered by researchers. 

Finally, it would also be pertinent to examine gene-environment 

interactions, since many of the genetic factors that contribute to Parkinson’s 

disease, and other synucleinopathies, do not, individually, appear to play major 

role, although they do when an environmental factor(s) is also present (Burke et 

al., 2014,Fitzmaurice et al., 2014). The multifactorial nature of Parkinson’s disease 

is frequently clouded during research, since conventional experimental 

methods/design tend to focus on a single cause with a single result. 
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Is Dopamine One of the Culprits in MDMA Induced Neurotoxicity? 

3,4-(±)-Methylenedioxymethamphetamine (MDMA) is a psychedelic 

amphetamine derivative, which is heavily abused at “rave parties”. MDMA is known 

by different names, including ecstasy, adam, and molly, and available in pills 

usually mixed with other amphetamines, caffeine and other stimulants.  MDMA’s 

addictive potential stems from its ability to induce acute euphoria, enhanced 

empathy, sociability, and perception, as well as mild hallucinations. The desired 

behavioral effects of MDMA are accompanied by an acute, but significant 

hyperthermia, and hyperactivity, followed by a long-term neurotoxicity (Capela et 

al., 2009). 

The long-term neurotoxicity of MDMA is species-dependent. In rats, 

primates and humans MDMA causes serotonergic neurotoxicity, whereas in mice 

the neurotoxicity is dopaminergic. The underlying mechanism of MDMA 

neurotoxicity is multifactorial. MDMA can generate an oxidative stress, 

mitochondrial damage, decreased antioxidant levels, hyperthermia, increased 

inflammation, and the production of toxic metabolites (Cadet et al., 2001,Capela 

et al., 2007,Farfel and Seiden, 1995,Herndon et al., 2014b,Herndon et al., 

2014a,Jones et al., 2004,Mueller et al., 2013,Orio et al., 2004,Sarkar and 

Schmued, 2010,Song et al., 2010). MDMA enters neuronal cells via specific 

monoamine transporters, or via the serotonin reuptake transporter. Once inside 

the neuron, MDMA can inhibit vesicular monoamine function (Partilla et al., 2006), 

elevating neurotransmitter levels in the cytosol. MDMA facilitates transport-

mediated release of neurotransmitter through its activity on trace amino associated 
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receptor 1, the serotonin reuptake transporter, and monoamine transporters 

(Berger et al., 1992,Crespi et al., 1997,Gudelsky and Nash, 1996,Ramamoorthy 

and Blakely, 1999,Miller, 2011). Overall, MDMA causes the augmented release of 

serotonin, dopamine, norepinephrine, and other hormones. 

The neurotoxicity of MDMA is due to either the synergistic or additive effects 

of the multiple factors, which combined have the potential to cause irreversible 

damage when present together. The long-term serotonergic neurotoxicity can be 

diminished by inhibition of one of the factors. Thus, inhibition of any of the following 

factors, oxidative stress, hyperthermia, transport of toxicant, inflammation, and 

metabolism of MDMA to toxic metabolites, affords protection against MDMA 

induced neurotoxicity (Alves et al., 2007,Alves et al., 2009a,Colado et al., 

1999,Farfel and Seiden, 1995,Granado et al., 2014,Kasai et al., 2011,Li et al., 

2010,Lizarraga et al., 2014,Mueller et al., 2013,Schmidt et al., 1990,Soleimani Asl 

et al., 2013,Sprague and Nichols, 1995).  

We recently reported that pretreatment of rats with Ro 4 1284, a reversible 

inhibitor of vesicular monoamine transporter, protects against MDMA-induced 

hyperthermia, hyperactivity, and long term-neurotoxicity (Lizarraga et al., 2015). 

However, it was not clear whether the protection was due to a decline in the degree 

of hyperthermia, or to depletion of catecholamines and indolamines. In Appendix 

A we demonstrated that co- and/or post-treatment with Ro 4 1284 does not protect 

against MDMA induced long-term neurotoxicity, yet it significantly shortened the 

period animals were experiencing hyperthermia. It is therefore most likely that the 

protective effect of pretreatment with Ro 4 1284 one hour prior to MDMA 
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administration is due to depletion of catecholamines and indolamines, which, in 

turn suppresses hyperthermia and hyperactivity. Although inhibition of MDMA-

induced hyperthermia can reduce MDMA-mediated serotonergic neurotoxicity (the 

data on this relationship is highly controversial) the reactivity and toxicity of 

dopamine also plays an important role. 

There is a strong evidence that dopamine can be transported into 

serotonergic cells via the serotonin reuptake transporter, both in vitro and in vivo 

(Jones et al., 2004,Larsen et al., 2011). Dopaminergic cells have evolved multiple 

compensatory mechanisms to protect themselves against dopamine toxicity. In 

dopaminergic neurons, the dopamine transporter forms a complex with 

synaptogyrin-3 (vesicular protein), and with the vesicular monoamine transporter, 

which directly vascularizes dopamine from the extracellular space (Egana et al., 

2009). The vesicular monoamine transporter also forms a complex with dopamine-

synthesizing enzymes, tyrosine hydroxylase and aromatic amino acid 

decarboxylase, thus, immediately after synthesis dopamine is stored in the small 

dense core vesicles (Cartier et al., 2010). Moreover, dopaminergic cells express 

monoamine oxidase type A , which is more selective in converting dopamine to a 

less reactive metabolite, while serotonergic cells express monoamine oxidase B 

(MAOB), which is more selective for serotonin (Segura-Aguilar et al., 2014b). 

Dopaminergic cells also possess high levels of alcohol and aldehyde 

dehydrogenases, which metabolize the toxic aldehyde metabolite of dopamine, 

DOPAL, to less reactive products (Marchitti et al., 2008). Thus, dopaminergic cells 



 

 

218 
 

are better equipped to protect themselves against dopamine-mediated toxicity, 

whereas serotonergic cells do not possess such protective machinery.  

Dopaminergic cells re-uptake dopamine from the synaptic cleft. Once re-

uptake is complete, dopamine either autoxidizes in the cytosol or it is metabolized 

to DOPAL by MAOB. Autoxidation generates the formation of a reactive ortho-

quinone, whereas metabolism by MAOB generates toxic aldehyde species and 

oxidative stress, contributing to MDMA-induced long-term neurotoxicity. Inhibition 

of MAOB is protective against MDMA neurotoxicity (Alves et al., 2007,Sprague and 

Nichols, 1995). In contrast, inhibition of MOA renders MDMA lethal (Leonardi and 

Azmitia, 1994). Furthermore, concurrent administration of the dopamine 

precursors levodopa and/or tyrosine, with MDMA exacerbates MDMA induced 

long-term neurotoxicity (Goni-Allo et al., 2008,Schmidt et al., 1991). Consistent 

with the findings of Lizarraga et. al.(2015), prior depletion of catecholamines 

protects against MDMA-induced long-term neurotoxicity (Granado et al., 

2014,Mechan et al., 2002). Thus, dopamine may is one of the main culprits in 

MDMA-induced long-term neurotoxicity. Nonetheless, more detailed research is 

still needed to elucidate the precise role of dopamine. 

Although there is convincing evidence supporting the role of dopamine as 

a key player in MDMA-induced long-term serotonergic neurotoxicity, it likely plays 

an essential role in dopaminergic neurotoxicity in mice. Differences in the 

peripheral metabolism of MDMA in different animal species provides a possible  

explanation for the species differences in MDMA neurotoxicity. However, this 

notion has been disputed, since MDMA metabolism in both species, mice and rats, 
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is very similar (Mueller et al., 2013). Since the pharmacokinetics of peripheral 

metabolism of MDMA are very similar in these species, it is possible that 

pharmacodynamics factors, such as dopamine transporter activity, serotonin 

transporter activity, trace amine-associated receptor activity, vesicular monoamine 

transporter activity, and/or central nervous system transport and metabolism 

contribute to the species differences in neurotoxicity. Further research is required 

to determine species-related differences in MDMA-induced neurotoxicity. 

In Appendix B we demonstrated a new method for the use of pelleted tissue 

previously discarded after neurotransmitter isolation. During neurotransmitter 

isolation, selected brain regions are microdisected, placed in a buffer and 

sonicated. After centrifugation, the supernatant is used for detection of 

neurotransmitter levels and the pellet usually discarded. However, with the new 

method, it is possible to assess protein concentrations with Western blots from the 

homogenized and pelleted tissue after neurotransmitter isolation. 

 

Implications and Summary 

 As life expectancy increases in developed countries, due to advances in 

medical technology and standard of care, there will be a dramatic rise in the rate 

of neurodegenerative diseases, most of which are the disease of old age. We now 

know how to live longer, yet the quality of life for the elderly in the last 15-20 years 

is often times plagued by neurodegenerative diseases. This is specifically true with 

respect to Parkinson’s disease, since it is postulated that due to the vulnerability 
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of substantia nigra pars compacta neurons, more than 1% of dopaminergic cells 

perish each year, even during young adulthood and in the middle years, with some 

estimates being as high as 5-10% (Naoi and Maruyama, 1999). Thus, as life 

expectancy increases, one can expect that the number of newly diagnosed 

patients with Parkinson’s disease will skyrocket, placing an enormous burden on 

society.  

 Currently there is neither a cure for Parkinson’s disease or other 

synucleinopathies, nor any treatments that inhibit disease progression. All the 

available therapies in use today only alleviate the symptoms, without modifying 

disease progression. Since the majority of dopaminergic neurons in the substantia 

nigra succumb to toxicity before any recognizable symptoms of Parkinson’s are 

observed, there are no feasible treatments at a time that can be considered a 

“cure”, as by the time of diagnosis, most of the cells that need to be preserved 

have already been eliminated. Recent advances in stem cell research could 

provide a realistic option for replacing the lost dopaminergic neurons of substantia 

nigra, yet we are decades away from such an approach becoming a widespread 

clinical practice (Barker et al., 2016). Thus, presently, preventative measures, 

which would reduce the risks of developing Parkinson’s disease or other 

synucleinopathies, remain the more advantageous approach. 

 Work for this dissertation provided new methods for studying dopamine 

induced post-translational modifications. By using dopamine thiol-conjugates we 

demonstrated how reactive sites on dopamine play an important role in the 

crosslinking of -synuclein. Further, we demonstrated that Ks play an essential 
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role in aggregation processes of -synuclein. Interestingly, with the levodopa thiol-

conjugates, we identified new mechanisms underlying potential increased risks of 

Parkinson’s disease in individuals with higher levels of pheomelanin. The findings 

reveal that scavenging of levodopa and dopamine quinones by cysteine and/or 

glutathione has profound effects on their interaction with α-synuclein, and on 

subsequent aggregation reactions. Thiol modulation of α-synuclein post-

translational modifications and of α-synuclein aggregation suggests potential 

interventions to alleviate α-synuclein-dependent cytotoxicity.  

 In Chapter 3 we demonstrated how transient arsenic exposure in vivo, and 

how chronic low-level arsenic exposure in vitro, can cause accumulation of -

synuclein. Our data demonstrate that even a short, transient exposure to arsenic 

early in life has the potential to induce pathological changes that could persist 

years after removal of the toxicant. These experiments emphasize how complete 

avoidance of an environmental toxicant could be beneficial in diminishing the 

development of neurodegenerative disease later in life. Since even a short period 

of exposure to a toxicant may prime the brain for the development of 

neurodegenerative disease, preventive measures may be more important in 

disease prevention. 

 In Appendix A, we showed that inhibition of vesicular monoamine 

transporter at the time of MDMA administration, or immediately after adminstration, 

does not protect against MDMA-induced long-term neurotoxicity. This data 

implicates depletions in catecholamines as the main protective mechanism in 

protocols that utilize the inhibition of vesicular monoamine transporter prior to 
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MDMA administration. We also emphasize that dopamine is a key player in 

MDMA-induced serotonergic neurotoxicity. Finally, in Appendix B, we report an 

improved method for the utilization of brain tissue, which can decrease the number 

of animal needed for each experiment, and provides larger data sets for 

researchers. 
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Use of Tissue from Discarded Pellets 

Leftover from  

Neurotransmitter Isolation 
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During the isolation of tissue for neurotransmitter analyses, selected brain 

regions were microdissected, their weights measured, and placed in perchloric 

acid buffer. The samples were then sonicated and centrifuged, the pellet separated 

from the supernatant, and the latter filtered prior to neurotransmitter analysis by 

HPLC. The pelleted tissue is usually discarded, but here we show that the 

discarded pellet tissue can be successfully used for Western blot analyses. 

Method: 

 Bolt LDS buffer (10 µl) was added per milligram of tissue. Samples were 

boiled for 30 minutes, and sonicated for 30 seconds at ten second intervals with a 

tip sonicator (~4 Watts). Samples were then mixed with a 1:3 ratio of 4X XT SDS 

buffer containing 5% mercaptoethanol. Samples were subsequently boiled for five 

minutes; after which they were ready for use in Western blot analyses. 

 The current method enables the data on both protein expression and 

neurotransmitter levels to obtained from the same sample. However, it is not 

known whether protein levels are affected by the neurotransmitter isolation 

process. Since the buffers used for the isolation of neurotransmitters do not contain 

any detergent, and acidic pH efficiently denatures and precipitates proteins it is 

unlikely the procedure results in any significant loss of protein. 
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Figure B.1 
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Figure B.1: Western Blots from discarded tissue pellets. One week after 

experimental treatment, animals were euthanized. Brain sections were 

microdissected, weighed, and sonicated in perchloric acid buffer (10 µl buffer per 

1 mg tissue). Samples were centrifuged, and supernatant was used for HPLC-ECD 

analysis, and pellets were used for Western blot analysis. LDS Bolt buffer (10 µl) 

was added to 1 mg of pellet, boiled for 30 minutes, and sonicated for 10 seconds 

(3X). Samples were mixed with 4X XT SDS buffer (5% mercaptoethanol), and 

boiled for 5 minutes. Samples were run on 10% SDS gels, and transferred to PVDF 

membrane. Membranes were stained for serotonin reuptake transporter (SERT), 

vesicular monoamine transporter 2 (VMAT2), and actin as a loading control. 
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