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ABSTRACT 

Although the cause(s) of Parkinson’s disease (PD) is not fully understood, it is believed that 

environmental factors play a major role. The discovery that the synthetic chemical, 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP)-derived N-methyl-4-phenylpyridinium (MPP+), 

recapitulates major pathophysiological characteristics of PD in humans, has provided the strongest 

support for this possibility. While the mechanism of the selective dopaminergic toxicity of 

MPTP/MPP+ has been extensively studied and generally well accepted, several key aspects of the 

mechanism are still subject to debate. In contrast to the widely accepted view that MPP+ is a 

structurally unique, optimal and selective in vivo dopaminergic toxin here we show that MPP+ is 

most likely the simplest of a larger group of similar toxins using C. elegans PD model studies. We 

also provide strong evidence to support our previous proposal that the inherent predisposition of 

dopaminergic neurons to produce high oxidative stress in response to complex I inhibition, 

perturbation of oxidative energy metabolism, and other downstream effects is primarily 

responsible for their selective vulnerability to these toxins. More significantly, these findings 

suggest that structurally diverse and more powerful MPP+ scaffold derived dopaminergic toxins 

could be present in numerous industrial, agricultural, household, and academic settings causing 

far-reaching public health consequences and thus, these findings should be further investigated.  
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CHAPTER 1: INTRODUCTION 

Parkinson's (PD) is the second most common neurodegenerative disorder which is 

characterized by the age related progressive loss of dopaminergic neurons in the substantia nigra 

of the midbrain causing motor impairments and autonomic dysfunctions (1-3).  Although the 

etiology of PD is not fully defined, the epidemiological and other evidence suggest that PD is a 

complex neurological disorder involving both genetic and environmental factors. The general 

consensus is that exposure to environmental toxins, especially individuals with genetic or 

cumulative age related defects in pathways associated with handling of mitochondrial functions, 

oxidative energy metabolism, calcium homeostasis, oxidative stress, etc., are likely to be more 

susceptible to PD (4). Recent studies further suggest that the selective vulnerability of 

dopaminergic neurons in PD could be a consequence of their inherent propensity to produce 

excessive reactive oxygen (ROS) associated downstream effects in response to perturbations of 

mitochondrial functions, oxidative energy metabolism, and calcium homeostasis  in comparison 

to non-dopaminergic neurons (5, 6).   

 The accidental discovery that the synthetic chemical, 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), recapitulates most pathophysiological characteristics of PD in humans 

and other mammals has provided the strongest support for the environmental toxin associated 

mitochondrial contributions to the PD etiology (1, 5). Numerous studies have shown that lipophilic 

MPTP crosses the blood brain barrier, enters the brain, and is metabolized to the oxidized 

product,1-methyl-4-phenylpyridinium (MPP+) by monoamine oxidase-B in glial cells. It is the 

oxidized product, MPP+, not MPTP, which selectively destroys dopaminergic neurons (1, 5-7). 

The mechanism for the dopaminergic toxicity of MPP+ has been extensively studied and consists 
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of several key steps including: uptake of extracellular MPP+  into neurons through various 

transporters (6, 8-11), electrogenic accumulation of cytosolic toxin into mitochondria, inhibition 

of complex-I leading to increased ROS production selectively in dopaminergic neurons leading to 

apoptotic cell death (6, 10-13). Because of its simplicity, well understood pharmacokinetic and 

toxicological characteristics, and close pathophysiological similarity to the natural disease, the 

MPTP/MPP+ PD model has been widely used to examine the mechanisms of specific 

dopaminergic neuronal death in PD and to develop therapeutics and preventive strategies for the 

disease (14, 15).  

 Although MPP+ is considered to be a structurally unique mitochondrial toxin with selective 

dopaminergic toxicity, our previous in vitro studies have suggested that MPP+ could be the 

simplest of a larger group of unidentified similar dopaminergic toxins (6, 10-13, 16). Using the C. 

elegans PD models (17-20), here we show that a number of MPP+ scaffold containing structurally 

diverse lipophilic cations are highly toxic to dopaminergic neurons, but not significantly toxic to 

serotonergic neurons. The dopaminergic toxicity profiles of these chemicals were parallel to their 

ability to increase intracellular ROS production in C. elegans. In addition, spontaneous 

degeneration of the dopaminergic neurons of CAT gene product (the C. elegans counterpart of the 

mammalian tyrosine hydroxylase) and human α-synuclein over expressing C. elegans strains 

(UA57 and  UA44 (21) and reference therein, respectively) appear to be due to the increased 

production of ROS under normal growth conditions. These strains are also more vulnerable to 

these novel toxins (similar to MPP+) and also produce significantly higher levels of ROS in 

comparison to similarly treated wild type strain, BY250. In light of previous in vitro observations 

(12, 13, 16), these findings strongly suggest that complex I inhibition associated increased ROS 

production associated downstream effects are responsible for the selective dopaminergic neuronal 
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death induced by this group of toxins in vivo.  More importantly, our findings suggest that 

structurally diverse and more powerful dopaminergic toxins could be present in numerous 

industrial, agricultural, household, and academic settings causing far-reaching public health 

consequences, a possibility that should certainly be further scrutinized.  

CHAPTER 2: BACKGROUND AND SIGNIFICANCE 

2.1 Neurological Disorders 

Neurological diseases involve both the central (CNS) and peripheral nervous system 

(PNS). According to the United States National Library of Medicine, there are more than 600 

neurological disorders. The neurological system contains the brain, spinal cord, cranial nerves, 

peripheral nerves, nerve roots, autonomic nervous system, neuromuscular junction, and muscles 

with the CNS including largely the brain and spinal cord. Table 1 details the classification of the 

major types of neurological disorders (44). 

Table 1. Classification of the Major Types of Neurological Disorders 

Type Examples 

Neurogenetic Diseases Huntington’s Disease and Muscular Dystrophy 

Developmental Disorders Cerebral Palsy and Spina Bifida 

Degenerative Diseases Alzheimer’s Disease and Parkinson’s Disease 

Metabolic Diseases Gaucher’s Disease 

Cerebrovascular Diseases Stroke, Hemorrhages 

Trauma Spinal Cord and Head Injury, Concussions, Contusions 

Cancer Brain Tumors 

Convulsive Disorders Epilepsy 

Infectious Diseases Meningitis 



 
 

4 

 

 

2.2 Neurodegenerative Diseases 

Degenerative diseases that involve the nervous system are usually referred to as 

neurodegenerative diseases. These diseases are accompanied by the progressive loss of neuronal 

function or neuronal death. Well-known neurodegenerative diseases include Alzheimer's disease 

(AD), Parkinson's disease (PD), Huntington’s disease, and Amyotrophic Lateral Sclerosis (ALS). 

Neurodegenerative diseases are often incurable and result in permanent progressive degeneration 

as well as the death of neuronal cells (45).  

2.3 Parkinson’s Disease 

The second most common neurodegenerative disease after Alzheimer’s is Parkinson’s 

disease (PD) (46). In 1817, James Parkinson was the first to document the disease in his report 

called “An Essay on the Shaking Palsy” (2). The core pathophysiology of PD includes the 

continued degeneration of dopaminergic neurons as well as the build-up of cytoplasmic Lewy 

bodies in the pars compacta of the substantia nigra (47). This degeneration causes a neuromuscular 

motor disorder that is characterized by tremors, muscular rigidity, bradykinesia and altered speech 

patterns (48). In addition, there are also non-motor symptoms to the disease consisting of sleep 

abnormalities, constant fatigue, autonomic disturbances, mood disorders, and forms of cognitive 

dysfunction. Autopsies performed on Parkinson’s patients display a 50-70 % loss of dopaminergic 

neurons (49). The loss of these neurons leads to reduction in the amount of available dopamine 

(DA) in the striatum, ultimately resulting in the characteristic motor dysfunction observed in PD 

patients (50). Additionally, the decrease in physiological levels of neuromelanin, a dark pigment 

formed by the polymerization of dopamine, is another hallmark characteristic of PD (51). As one 

would expect, when the levels of DA drop within the brain, the level of pigmentation drops as 
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well. Following the degeneration of the dopaminergic system throughout the course of PD there is 

an accumulation of cytoplasmic Lewy bodies which are composed of the protein α-synuclein as 

well as other proteins such as ubiquitin, ϐ-crystallin, and other neurofilament proteins (50).  

Despite these findings, the mechanisms responsible for the loss of dopaminergic cells in PD are 

still unclear.  Currently, treatment options for PD are limited as they only manage to control 

symptoms. Similarly, there is no standard diagnosis that can facilitate accurate early diagnosis of 

PD (53). Currently, medical professionals utilize both biological markers found in blood or brain 

imaging for diagnosing late stages of PD (54). Treatment options usually rely on the use of L-

DOPA rather than dopamine to make up for the shortage of dopaminergic neurons due to DA being 

unable to cross the blood brain barrier (54). L-DOPA enters the brain by crossing the blood brain 

barrier via an aromatic amino acid transporter. Afterwards, DOPA decarboxylase converts it to 

dopamine and increases striatal DA levels, improving PD symptoms as DA levels begin to rise 

closer to homeostatic levels (38). 

2.4   Risk Factors for PD 

Age is the most apparent and is largely considered to be the most important risk factor for 

PD, as the average onset age is approximately 50 to 60 years (56). Other risk factors of PD can 

include both genetic and environmental factors (57,58). It is estimated that 10 percent of PD cases 

are related to genetic factors and 90 percent of cases are related to environmental risk factors such 

as pesticides, herbicides, industrial toxins, and other environmental toxins (58). It is also estimated 

that there may be other minor risk factors such as contaminated well water, excess body weight, 

exposure to hydrocarbon solvents, agricultural work, urban living, exposure to heavy metals, high 

dietary intake of iron and anemia (59). 
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2.5 Genetics of PD 

PD is characterized to be sporadic in its occurrences, however there are numerous genetic 

risk factors that are suggested to increase the likelihood of the disease. So far, there are more than 

28 distinct chromosomal regions that are related to PD; with six of these specific regions 

containing genetic mutations that are known to cause PD (60). Of the six PD genes, mutations in 

SNCA (PARK1) and LRRK2 (PARK8) are responsible for autosomal dominant PD forms, and 

mutations in Parkin (PARK2), PINK1 (PARK6), DJ1 (PARK7), and ATP13A2 (PARK9)  display 

an autosomal recessive mode of inheritance (60). SNCA codes for the production of α-synuclein 

and was the first gene that was determined to cause early onset autosomal dominant PD before 50 

years of age with rapidly progressing symptoms such as dementia, cognitive decline, and Lewy 

bodies formation in the substantia nigra (61).  On the other hand, the LRRK2 gene causes a late-

onset autosomal dominant PD that progresses slowly and without the formation of Lewy bodies 

(62, 63). PARK2 or Parkin mutations are commonly linked to PD cases in individuals 30 to 40 and 

even as young as 25 (64). Symptoms from these genes however, are non-distinguishable from 

traditional symptoms of PD as they show neuronal degradation without Lewy body formation in 

the substantia nigra (65). ATP13A2 mutations have been found to result in Kufor-Rakeb 

syndrome, a disease that displays dementia with rapid progression (65). 

2.6 Environmental Factors for PD 

Although genetic causes of PD are a concern, it is noteworthy that ~90 % of cases are due 

to environmental factors. 6-OHDA (6-hydroxydopamine) and 1-methyl-4-phenylpyridinium 

(MPP+) are common chemicals that are studied as models to the disease. 6-OHDA is the first 

synthetic compound that is verified to induce PD symptoms (66). However, 6-OHDA needed to 

be directly injected into the brain to cause PD symptoms as it could not aptly cross the blood brain 
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barrier; thus reducing its effectiveness as a potential model. However, the discovery of 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and MPP+ as Parkinson’s causing toxins has paved 

way for much environmental research. MPTP can cross the blood brain barrier and is shown that 

via intravenous injection, can cause the disease.  Administration of MPTP to squirrel monkeys has 

confirmed the observations in humans, including the specific destruction of substantia nigral 

dopaminergic neurons resulting in Parkinsonian symptoms (67,68). Results from MPTP/MPP+ 

studies demonstrated the need to explore environmental factors that contribute to the etiology of 

PD. In light of these experiments, environmental influences such as exposure to pesticides, metals, 

organic solvents, carbon monoxide, carbon disulfide, plant derived toxins as well as 

industrialization, rural environment, well water usage, bacterial and viral infections, have been 

proposed as contributing factors in the etiology of PD (69). 

2.6.1 History of MPTP 

 

The story of MPP+ first began in 1947 as Dr. Albert Ziering was attempting to synthesize 

the opioid desmethylprodine or 1,3- dimethyl-4-phenyl-4-propionoxypiperidine (MPPP) with the 

goal to develop an analog of Demerol, another existing opioid. Relative to pethidine, the ester 

group in MPPP is inverted (Scheme 1). In the 1970s, Barry Kidston, a chemistry graduate student 

attending the University of Maryland, synthesized MPPP by using Dr. Ziering’s recipe with the 

intention of using it as a recreational drug (70). A few days after injecting himself with a sample 

from the synthesized MPPP drug, Kidston began to display symptoms of late stage PD and passed 

away from overdosing on the drug and an autopsy performed on his brain confirmed PD. As 

researchers analyzed his blood, they found traces of MPPP and a potential contaminant that tainted 

the drug. The synthesized MPPP was contaminated with an ester group eliminated byproduct, 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) that resulted from exposure to overheating. 
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Scheme 2 shows that in the second reaction, MPTP may have resulted from poor thermodynamic 

control of the reaction. 

 

Scheme 1. MPPP vs. Pethidine. 

 

Scheme 2. Synthesis of MPPP and MPTP. 

Furthermore, in the 1980s another group of users repeated the fatal mistake leading Dr. J 

William Langston to publish the accidental discovery of MPTP (67).  These experiments garnered 

much attention and were then replicated with monkeys, confirming the findings (71). MPTP is 

now known to cause an irreversible and severe Parkinsonian syndrome including the characteristic 

tremors, rigidity, bradykinesia and immobilization in humans and nonhuman primates. These 
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symptoms also respond well to L-DOPA treatment, like PD (72,73). Therefore, MPTP became an 

optimal model to study the mechanism of PD at the molecular level. 

2.6.2 MPTP’s Mechanism and MPP+ 

 

A mechanism of the toxin MPTP is depicted in Fig. 1. MPTP is non-toxic to dopaminergic 

cell lines but must be transformed into the toxic MPP+. However, its hydrophobicity allows it to 

traverse the BBB and enter the brain and from there it is converted into MPP+ (67,74,75). Once it 

reaches its destination, it is taken up by glial cells or astrocytes via vesicles. Astrocytes and 

serotonergic neurons contain monoamine oxidase B (MAO-B), an enzyme responsible for the 

metabolism of various neurotransmitters. This enzyme oxidizes MPTP to 1-methyl-4-phenyl-1,2-

dihydropyridinium (MPDP+), which is then converted to 1-methyl-4-phenylpyridinium (MPP+) 

via disproportionation (Scheme 3) (76,77). 

 

 

 

Fig 1. Proposed Mechanism of MPTP’s Toxicity (78) 
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Scheme 3. The Metabolic Fate of MPTP: MPP+ (7) 

MPP+ is then transported from glial cells to the extracellular space via organic cation 

transporter-3 (OCT3). Afterwards it is then taken up specifically into dopaminergic cells via the 

dopamine transporter DAT (80). Due to the actions of these transporters, it is believed that the 

specific dopaminergic toxicity of MPP+ is arises from their role in MPP+’s entry into the cell. 

MPP+ follows its entry by inhibiting mitochondrial complex I in the electron transport chain (ETC) 

(56) 

The ETC’s disruption causes a net reduction in ATP and generates free radicals and other 

reactive oxygen species which lead to the apoptotic cell death (64). Additionally, MPP+ competes 

other DA transporters such as VMAT-2, which is used for cytosolic DA entry into vesicles (79). 

The increase of cytosolic DA allows it to remain in the cytosol for an extended period where it 

undergoes enzymatic and non-enzymatic oxidation to generate hydrogen peroxide and highly 

reactive oxygen radicals (80). ROS damage the mitochondria, plasma membrane, and other 

organelles as well as enhancing aggregation of α-synuclein (81). This damage overwhelms 

proteosomes and lysosomal degradative systems, leading to increased energy demands and even 

more ROS production. 
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2.6.3 Paraquat, Rural Life, and Other Pesticides 

 

Living in rural areas, drinking well water, and farming are recognized risk factors for PD 

as these populations are exposed to high levels of pesticides (83, 84). Pesticides consist of multiple 

classes and subclasses of insecticides, herbicides, rodenticides, fungicides and fumigants; some of 

which are known to cause PD. Insecticides that are shown to be associated with PD include 

rotenone (84), pyrethroids (85), organophosphates (diazinon, chlorpyrifos) (86), and 

organochlorine (dieldrin, hexachlorohexane) (87,88). Herbicides associated with PD are paraquat 

and 2,4-dichlorophenoxyacetic acid (89). Paraquat, having a similar structure to MPP+, has even 

been shown to cause ROS production in various model systems as well (18). The dithiocarbamate 

fungicide, Maneb, is also suspected as a PD causing pesticide (90). Additionally, there is also some 

speculation that some bacteria that reside in rural biomes or dirt produce metabolites that increase 

the risk for PD (27).  

2.6.4 Rotenone 

 

Rotenone, a toxin harvested from the Derris elliptica plant, is a naturally occurring 

substance found in the roots of various tropical plants (91). Rotenon’s structure is shown in Scheme 

4. Rotenone is primarily used as an insecticide (92). Since MPP+ was found to be toxic to 

dopaminergic cells due to complex I inhibition, Rotenone began to be proposed as a potential PD 

toxin. Rotenone is a lipophilic compound that is able to pass through the BBB and accumulate in 

the brain. In neurons, rotenone effectively inhibits the NADH:ubiquinone oxidoreductase in 

mitochondrial complex I of the electron transport chain (93,94) and reduce ATP production as well 

as ubiquinone reduction (95). Rotenone inhibits the transfer of electrons from iron-sulfur (Fe-S) 

centers to ubiquinone, thus leading to ROS production. As with MPP+, overproduction of ROS 

causes oxidative damage to DNA, membranes, and proteins. In addition, ROS can interact with 
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the intracellular neural transmitter nitric oxide (NO) leading to the formation of another ROS 

species peroxinitrite, further resulting in cellular defects and further damage to DA neurons (96). 

Rotenone also causes cytoplasmic accumulation of α- synuclein aggregates as well as selective 

degeneration of nigral dopaminergic neurons (97, 98). Thus sustained rotenone exposure is 

believed to result in PD.  

 

Scheme 4. Rotenone’s Structure 

 

2.6.5 Paraquat 

 

Paraquat (PQ), or 1,1′-dimethyl-4,4′-bipyridinium dichloride (Scheme 5), is chemical that 

structurally resembles MPP+ , featuring both a quaternary nitrogen and two aromatic groups (99). 

Paraquat became a widely used herbicide in the mid 1900’s and has since become one of the most 

widely used herbicides (100). PQ, also hydrophilic, is shown to cross the BBB by hijacking amino 

acid transporters (100, 101). PQ is also taken up into dopaminergic cells via DAT (102). Similar 

to MPP+ in its route of entry, it is without much surprise that it’s toxicity also relies on the 
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production of ROS (103). PQ is known to impair the mitochondria, aggregate α-synuclien, and 

selectively eliminate dopaminergic neurons (101, 104).  

 

 

Scheme 5. Paraquat vs MPP+ 

2.7 Mechanistic View of Parkinsonian Toxins  

In spite of the differences in mechanisms of uptake, most commonly used PD models 

MPP+, rotenone, paraquat, etc. appear to follow similar mechanisms of toxicity including 

mitochondrial membrane depolarization, mitochondrial complex I inhibition, excessive ROS 

production and finally, specific dopaminergic cell death by apoptosis. Figure 2 summarizes the 

effects that a potential toxin (Cy+) may have on the dopaminergic cell. Upon entry, the toxin 

interferes with mitochondrial complex I and causes the production or ROS as well as the 

depolarization of the mitochondrial membrane.  
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Figure 2. Cytotoxic Effects of Potential Parkinsonian Toxins (10) 

 

2.7.1 Mitochondrial Membrane Depolarization  

 

Mitochondrial membrane potential (ΔΨm) results from the differences in electrical 

potential across the inner membrane. This potential is generated by an established pH gradient and  

net ion movement. The ΔΨm drives the synthesis of ATP in the electron transport chain (ETC). 

Studies have shown that PD causing neurotoxins such as MPP+, PQ, and rotenone, for example, 

depolarize the ΔΨm thus depleting intracellular ATP levels (105). This depolarization triggers the 

opening of permeability transition [PT] pores (94) in the mitochondrial membrane (106). These 

pores allow for the release of apoptogenic factors, such as cytochrome C from the mitochondria 

into the cytosol, activating apoptosis cascades. Kroemer et al. (108) have even shown that a 
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reduction in ΔΨm is accompanied by the production of reactive oxygen species (ROS), which also 

lead to cell death. 

 

 

2.7.2 Mitochondrial Complex I Inhibition  

 

Mitochondrial complex I or NADH:ubiquinone oxidoreductase, is a crucial ETC enzyme 

complex that oxidizes NADH via reduction of ubiquinone (109). Schapira et al. discoved impaired 

mitochondrial complex I activity in patients with PD (109). These results lead to the hypothesis 

that the compounds which inhibit mitochondrial complex I, such as MPP+, rotenone, paraquat, 

could all be considered as Parkinsonian Toxins. This inhibition of the mitochondrial complex I 

activity attenuates ATP synthesis not to mention depolarizing the mitochondrial membrane 

potential (110). In addition, complex I inhibition leads to excessive generation of ROS (111). The 

accumulation of these cellular stressors leads to activation of the apoptotic cell death pathway 

(110).  

2.7.3 Overproduction of Reactive Oxygen Species  

 

Normal levels of ROS are utilized for cellular signaling and maturation of cellular 

structures, as well as part of the immune response against antigens. Phagocytes release free radicals 

and granules eradicate pathogens while ROS-mediated signaling pathways are required to maintain 

cellular homeostasis (168,169). However, abnormally high amounts of these species can cause 

oxidative damage to the cell’s DNA, proteins, lipids and other biological molecules (114-116). 

ROS can react with unsaturated fatty acids in the cell membrane leads to the formation of free 

radical chain reactions, thus weakening cellular membrane integrity (117, 118). DNA damage 

resulting from ROS stems from damage to DNA repair enzymes and DNA polymerases (119). The 
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accumulation of damaged membranes and proteins overwhelms the cell and this stress causes the 

cell to undergo apoptosis if not necrosis (117).  

 

 MPP+ and other potential environmental Parkinsonian toxins elicit the overproduction of 

ROS by interfering with the ETC, causing incomplete reduction of O2 and thus causes cellular 

toxicity (119). In fact, ROS is not only thought to be involved in PD, but also other diseases such 

as heart failure, atherosclerosis, ischemia-reperfusion, endothelial dysfunction, hypertension, 

rheumatoid arthritis, and diabetes (122-124). ROS produces large amounts of oxidative stress in 

the cellular environment because it acts as a free radical, an unstable molecule that contain one or 

more unpaired reactive electron, and reacts with a variety of substrates such as protein, DNA, and 

membranes (125). The most common biological forms of free radicals are reactive oxygen species 

(ROS) and reactive nitrogen species (RNS) (126,127). Common ROS include superoxide (O2•-), 

hydrogen peroxide (H2O2) and hydroxyl radical (OH•) whereas common RNS species are nitric 

oxide (NO•), peroxinitrite (ONOO-), nitrogen dioxide (•NO2), dinitrogen trioxide (N2O3), and 

dinitrogen tetroxide (N2O4).  

 

Scheme 6. Formation of H2O from O2 in cells.  

Although MPP+ is known to produce ROS, other processes that causes ROS formation 

include the stimulation of enzymes such as NADH oxidases and cytochrome P450, inflammation, 

smoking, UV radiation, toxins, and aging (128). However, mitochondrial respiration primarily 

responsible for the largest intracellular ROS production and the inhibition of the electron transport 
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chain (Scheme 6), can result in the partial reduction of O2 to produce reactive oxygen species such 

as superoxide (O2•-) and hydrogen peroxide (H2O2). H2O2 could then be reduced into OH- anions, 

under certain physiological conditions (129). Fenton chemistry and Haber-Weiss reactions that 

involving transition/redox metals like Fe2+ and organic compounds like quinones can catalyze the 

breakdown of hydrogen peroxide to produce hydroxy radicals seen in Scheme 7 (129).  

  

Scheme 7. Fenton and Haber-Weiss Reactions (1 and 2). 
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2.7.4 Dopamine and Reactive Oxygen Species 

 

DA itself been proposed as a potential reason that ROS generation is accelerated in 

dopaminergic neurons (130). In the cellular environment, the oxidation of DA occurs either 

enzymatically or spontaneously. Dissociation of these protons from the two aromatic hydroxy 

groups promotes the oxidation of DA to dopamine o-quinone and is done either in a single step or 

in a multistep reaction. This single step reaction is catalyzed by tyrosinase (131) as DA is oxidized 

to DAQ by  two-electron oxidation, with oxygen acting as an electron acceptor, generating the 

ROS species known as superoxide (O2-).  In the two-step reaction, DA is oxidized by one electron 

at a time, first to form dopamine o-semiquinone radical (DASQ), which is then further oxidized to 

DAQ.  

 

Scheme 8. The Oxidative fates of DA. 
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Therefore, two moles of superoxide are produced. In addition to these oxidations, two DASQ 

radicals can undergo disproportionation and form one molecule of DAQ and one molecule of DA. 

Dopamine o-quinone, the product of the two reactions, is unstable and cyclizes to form 

leukodopaminochrome and then dopaminochrome. Dopaminochrome then tautomerizes to form 

5,6-dihydroxyindole which then oxidizes to 5,6-indolequinone, a precursor for the neuronal 

pigment neuromelanin, thereby generating superoxide (132,133). The amount of ROS generated 

via the oxidation of DA in the cytosol of neurons perhaps explains the sensitivity of DA neurons 

to oxidative stress. It has even been shown that DA overexpression can lead to detrimental effects 

in in vivo models (18). In addition to producing superoxide via oxidative metabolism, the 

metabolite DAQ also plays a role in other superoxide generating cycles. DAQ is a precursor for 

tetrahydroisoquinolines like salsolinol, which is known to cause ROS via inhibiting the electron 

transport chain (134,135).  

The effect of DA and ROS production and neurotoxicity was previously studied by 

using tyrosine hydroxylase inhibitors such as α-methyl-L-tyrosine, 3-iodotyrosine, and α-methyl- 

DOPA (13). These inhibitors reduce intracellular DA levels by inhibiting tyrosine hydroxylase, 

the rate determining step in the biosynthetic pathway of DA  (136). In this current study, α-methyl-

L-tyrosine and 3-iodo-L-tyrosine were used to reduce the intracellular DA levels and their 

protective effects were studied.  
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Scheme 9. THI and how it affects DA Biosynthesis 

2.7.5 Apoptosis  

 

Apoptosis is the process of programmed cell death and is used by cells when faced with 

stressors. Multicellular organisms protect themselves from toxins or diseased cells by utilizing 

apoptosis (137). Apoptosis is characterized as by a host of morphological changes such as cell 

shrinkage, chromatin condensation, nuclear fragmentation, chromosomal DNA fragmentation and 

condensation, and membrane blebbing. These apoptotic bodies are destroyed by phagocytic cells. 

Another cellular death process called necrosis displays cell swelling, loss of cell membrane 

integrity and an uncontrolled release of cell death products into the extracellular space occurs. 

Apoptosis differs in that it avoids the release of degradative enzymes toxins into the extracellular 

space. Thus, apoptosis is important in maintaining development and homeostatic processes by 

maintaining healthy cell populations in tissues (137). ROS which increases oxidative stress in cells 

can induce apoptosis in a variety of cell types (138). Naturally, since ROS production is stimulated 

by neurotoxins such as MPP+, rotenone, and paraquat; it is believed that  neurotoxin stimulated 
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apoptosis is becoming one of the characteristic features or risk factor for neurodegenerative 

diseases such as AD and PD (140,141). 

2.8 Dopaminergic Toxicity of Cyanine Dyes and MPP+ Derivatives 

After the discovery of MPP+ and how it elicits PD like symptoms in primates and other 

animal models, studies began to explore the mechanism behind MPP+ as well as what other 

structurally similar molecules also elicit a similar response. Two such molecules are 1,1'-diethyl-

2,2'-cyanine (2,2’-cyanine) and 1,1'-diethyl-4,4'-cyanine (4,4’-cyanine). Both molecules are 

structurally similar to MPP+ as they contain aromatics and a quaternary nitrogen. These molecules 

are more hydrophobic than MPP+ due to hydrophobic aromatic ring groups and thus are believed 

to have the potential to cross the BBB. In addition, they accumulate freely in multiple cell types, 

inhibit the mitochondrial complex I, display a potent level of toxicity in dopaminergic neurons, 

and generate large levels of ROS (11,13). In this study, both cyanines are used to observe PD 

symptoms in C. elegans.  

In addition, multiple MPP+ derivatives were also tested. These derivatives were discovered 

to have an increased toxicity profile compared to MPP+ due to having an enhanced uptake into DA 

cell line (16). The increased uptake is possible due to an increase in the lipophilicity of these 

chemicals.  

2.9 Caenorhabtis elegans 

Caenorhabis elegans is a transparent nematode that is commonly found in soil. Since the 

early 1970’s C. elegans has since been used as an animal model for a variety of diseases and 

behaviors (17) . C. elegans is valuable due to the ease of genetic manipulation. Additionally, the 

animal’s short lifespan is also desired for studying degenerative diseases such as PD. Additionally 

the cost for using the animal is low compared to other animal models. However, since it is an 
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vertebrate or a mammal, the translations of research from C. elegans into humans must be taken 

with care. However, C. elegans has been useful for a first pass test or probe for researchers who 

are seeking to use an in vivo model.  

C elegans is a promising model for PD for a variety of reasons. About 60% of PD genes 

found in humans are also conserved in the nematode. Additionally, the ease of genetic 

manipulation allows for the creation of a variety of animals that can be used to estimate the effects 

of various genes in its development. For example LRRRK C elegans as well as α-synuclein 

animals have since been produced and allowed researchers to explore these genetic defects more 

feasibly.  The animal contains 8 dopaminergic neurons within its body with 6 located in the anterior 

side and 2 more in the posterior end (Figure 3).  

 

Figure 3. DA System in C. elegans (142) 

By utilizing green fluorescent protein producing animals, it was shown that by treating the 

animal with 6-OHDA, that neurological defects can be seen in the animal (17). Additionally, it 

was also shown that by treating the animals with MPP+ these results could be reproduced as well 

with other parkinsonian toxins (26). Animals that displayed damage often displayed blebbing in 

the dopaminergic neurons, decreased fluorescent intensity, thinning of neuronal axons, as well as 
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other abnormal defects. In this study, C, elegans is used to assess the potential for other chemicals 

to exhibit DA toxicity. 

 

CHAPTER 3: MATERIALS AND METHODS 

3.1 Materials:  

Nematode Growth Media (NGM) contained 50.0 mM NaCl, 1.0 mM CaCl2, 1.0 mM 

MgSO4, 19.89 mM KH2PO4, 5.11 mM K2HPO4 pH 6.0, 2.5g/L peptone, and 5 mg/L cholesterol. 

Nematode growth plates were prepared by dissolving 17g/L of agar in NGM. M9 Buffer contained 

22.0 mM KH2PO4, 50.4 mM Na2HPO4, 85.5 mM NaCl, 1 mM MgSO4, pH 6.0.  S Buffer contained 

6.5 mM K2HPO4, 43.5 mM KH2PO4, 100 mM NaCl. (1X) Phosphate Buffered Saline (PBS),  pH 

7.4. 

3.2 Spectroscopy and Imaging  

Ultraviolet–visible spectroscopic measurements were carried out on a Cary 100 UV-Vis 

Spectrophotometer (Varian Inc., Palo Alto, CA). Fluorescence spectroscopic analyses were carried 

out on a Jobin Yvon-Spex Tau-3 spectrophotometer (USA Instruments, Inc., Aurora, OH). Light 

fluorescence microscopic experiments were carried out using a Nikon ECLIPSE Ti microscope 

equipped with a Nikon S FLURO 40X objective (Nikon Instrument Inc., Melville, NY). All high 

resolution images were recorded on a Leica TCS SP5 II (22) confocal fluorescence microscope 

equipped with  20X, 40X, and 63X objectives (Leica Microsystems Inc., Buffalo Grove, IL). 

3.3 Maintenance of C.elegans Strains 

All animals were maintained on NGM agar plates with E. coli (OP50; thermally denatured 

by heating at 50° C for 1 h) as the food source at 20° C, according to the standard literature 

procedures (23).The following strains of C. elegans were used:  Bristol N2 (kindly provided by 
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Dr. Herman, Kansas State University), BY250 (17) (Pdat-1::GFP) (generously provided by Dr. 

Kim Caldwell, the University of Alabama, Tuscaloosa with permission from Dr. Blakely), UA57 

[baIs4(Pdat-1::GFP, Pdat-1::CAT-2)] (obtained from the Caenorhabditis Genetics Center (CGC), 

University of Minnesota), UA44 [baIn11(Pdat-1:: α-syn, Pdat-1::GFP)] (19, 24) (generously 

provided by Dr. Karen Caldwell, the University of Alabama, Birmingham), and GR1333 [yzIs71 

[tph-1::gfp, rol-6(su1006)] V] A generously provided by Dr. Yu, Albert Einstein College of 

Medicine) (25).  

 Prior to the experiments, animals were age synchronized using bleach synchronization 

method described by Stiernagle (23). Briefly, gravid hermaphrodites and eggs on the agar plates 

were collected in 3.5 mL of water. Then a solution containing 1.0 mL of household concentrated 

bleach (Concentrated Bleach 6% Hypochlorite) and 0.5 mL of 5 M NaOH was added to the animal 

suspension. After vigorous shaking for 6-10 min, the suspension was centrifuged at 1380 g for 30 

sec. The pellet was re-suspended in 5 mL of water and re-centrifuged at 1380 g for 30 sec and the 

pellets containing C. elegans eggs were then resuspended in 100 μL of water and plated on agar 

plates. 

3.4 C. elegans Dopaminergic Neurodegeneration assay  

A combination of slightly modified fluorescent microscopy based original protocols of 

Braungart et al (26) and Ray et al. (27) was used to estimate the dopaminergic toxicities of various 

toxins. Briefly, two days after synchronization, animals (L3/L4 stage larva) were collected by 

washing agar plates in 1.5 mL of NGM Media and centrifuging at 330 g for 10 sec. The animals 

were collected, suspended in 1.0 mL of M9 buffer, centrifuged again at 330 g for 10 sec, and the 

pelleted animals were suspended in 1 ml NGM. For the toxin treatments, animals (about 40 animals 

per well) were placed in wells of 96 well plates containing the desired concentration of the toxin 



 
 

25 

 

in 50 μL of NGM and E. Coli OP50 and incubated at 20 °C for 2 days.  After the incubation, the 

animal suspensions were washed by diluting with 1.0 mL of M9 buffer followed by centrifugation 

at 330 g for 10 sec (to remove offspring) and then animals were suspended in 1 ml of NGM.  

Washed animals were transferred back into fresh 96 plates containing the same concentration of 

toxin in 50 μL of NGM and E. Coli OP50 and incubation was continued for 2 additional days (at 

20 °C).   After the incubation, animals were collected, washed (with M9 and NGM as above) and 

suspended in 100 μL of NGM. Then, suspensions containing the animals were dispensed on glass 

bottomed culture plates and treated with 25 mM NaN3 for 10 min and mounted on a Nikon Eclipse 

Ti inverted light microscope stage. The dopaminergic neurons of BY250 (Pdat-1::GFP), UA44 

[baIn11(Pdat-1:: α-syn, Pdat-1::GFP)], and  UA57 [baIs4(Pdat-1::GFP, Pdat-1::CAT-2)] animals 

were visualized by the characteristic GFP fluorescence. The percentages of the damaged 

dopaminergic neurons of toxin treated and control animals were estimated according to the 

published criteria of Berkowitz et al. (28) and Nass et al (17). Dopaminergic neurons with loss of 

connectivity, missing cell bodies, or blabbing of axons all were scored as degenerated as described 

in the literature (17, 26). For the visualization purposes, images of the dopaminergic neurons of 

toxin treated and control animals were recorded on a confocal Leica TCS SP5 microscope at 

Ex/Em at 488/520. Serotonergic toxicity of the toxins were also estimated using a similar protocol 

except that these experiments were carried out with serotonergic neurons GFP labeled 

GR1333 [yzIs71 [tph-1::gfp, rol-6(su1006)] V] C. elegans strain (25).  

3.5 ROS Measurement using DCFDA 

 A slightly modified protocol of Caldwell et al. (27) was used to measure the intracellular 

ROS levels in the toxin treated and control animals. Briefly, about 200 age synchronized animals 

(L3/L4) were suspended in 100 μL of NGM containing, E. coli OP50, and the desired 
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concentrations of the toxin. Animals were then placed in 48 well culture plates and incubated at 

20 °C for 48 h. After the incubation, animals were collected and washed twice with 1.0 mL aliquots 

of M9 buffer (dilution followed by centrifugation at 330 g for 10 sec).  The animal pellets were 

suspended in 1X PBS, centrifuged at 330 g and the bulk of the supernatants were aspirated leaving 

about 150 μL of animal suspension. Then animal suspensions were pelleted again and 125 μL of 

the animal pellets were transferred to fresh tubes, 125 μL of 100 μM DCFDA were added (final 

concentration 50 μM), and the samples were subjected to 5 freeze-thaw cycles (liquid nitrogen /37 

°C water bath). Lysed animal samples were centrifuged at 18000 g for 30 min and 25 μL of the 

supernatants were removed for protein quantification and 150 μL were used for the fluorescence 

quantification of DCF (Ex/Em at 488/525 nm) (29). 

3.6 Dihydroethidium (DHE) Imaging.   

Fluorescence ROS probe, DHE, was used to visualize ROS production in toxin treated 

animals (30). Approximately 40 age synchronized animals (L3/L4) were suspended in 100 μL of 

NGM containing, E. coli OP50, and the desired concentrations of the toxin. Animal suspensions 

were then placed in 48 well cell culture plates and incubated at 20 °C for 48 h. After the incubation, 

animals were collected and washed twice with 1.0 mL aliquots of M9 buffer (dilution with M9 

followed centrifugation at 330 g for 10 sec). Bulk of the supernatant was aspirated leaving about 

150 μL of animal suspension which was centrifuged again at 330 g for 10 sec. Then, 90 μL of the 

animal pellet was placed in a fresh tube, 10 μL of a 100 μM DHE solution was added (final 

concentration 10 μM), and samples were incubated for 45 min at room temperature. Afterwards, 

animals were washed 3 times by diluting into 1 mL of NGM followed by centrifugation at 330 g 

for 10 sec. After the third wash, bulk of the supernatant was aspirated and (leaving about 100 μL 

of animal pellet) 95 μL of the pellet containing animals was transferred to a glass bottom plate and 
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treated with 25 mM NaN3 for 10 min. The plate was then mounted on a Leica TCS SP5 confocal 

microscope and images were recorded at Ex/Em at 488/600 nm (29). 

3.7 Protein determination.  

Protein contents of various animal preparations were determined by the Bradford protein 

assay using bovine serum albumin (BSA) as the standard (31).  Aliquots of (25-50 μL) of animal 

suspensions in M9 Buffer were incubated with Bradford protein reagents (950 μL) for 10 min and 

absorbance at 595 nm were recorded. The absorbance readings were converted to the 

corresponding protein concentrations using a standard curve constructed employing BSA as the 

standard.  

3.8 Statistical analyses.  

All data are averages of three or more replicates of a single experiment and presented as 

mean ± SD (all the experiments were carried out multiple times to test the reproducibility and the 

representative data from a single experiment are shown. All quantitative data were normalized to 

the protein content of individual samples to correct for the animal density variations.  Statistical 

analyses of the data were carryout by one-way ANOVA or Student t-Test and *p < 0.05 was 

considered statistically significant.  

3.9 Catecholamine Measurement via HPLC 

  Animals were prepared as above similarly to DCFDA measurements. Approximately 

10,000 animals were grown for 2 days and then collected. Animals were washed twice in M9 

buffer and resuspended in a final volume of 1 mL with a cocktail of 100 µM Selegiline and 50 µM 

Tolcapone for 1 hour. Then animals were washed 2 times again and centrifuged at 330 g for 10 

sec. Supernatant was aspirated and disposed into biohazard. Animal Pellet was resuspended in 75 

µL of purified water. Animals were then subjected to 5 freeze thaw cycles and then a 25 µL aliquot 
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was removed from the suspension for protein analysis. An equal amount of 0.2 M perchloric acid 

was added to the suspension for a final volume of 100 µL and concentration of 0.1 M. The 

suspension was then subjected to an additional 5 freeze thaw cycles and centrifuged at 18000 g for 

30 mins. The supernatant was injected into a Coulochem ESA II HPLC-EC and peak intensity was 

analyzed and compared with known standards.  

3.10 Technical statement.  

Due to the high toxicity and obvious health hazards of these toxins extreme caution was 

used in their handling in accordance with published procedures (7). 

CHAPTER 4: RESULTS 

4. 1 Toxicity of MPP+ and Other Neurotoxins in the Dopaminergic System of C. elegans 

 Structurally diverse MPP+ scaffolds containing lipophilic cations [including MPP+ 

(Scheme 10)] selected based on the results of our previous in vitro studies were examined for their 

in vivo dopaminergic toxicological and pharmacological characteristics using the C.elegans PD 

models.  

Scheme 10 Similarly Structured Lipophillic Cations 

 

In accordance with the literature, the six GFP labelled dopaminergic neurons of the 

cephalic portion of the animals were used to assess the toxicological properties of these agents. As 
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shown in the representative images in Fig 4A, all agents tested except 3, show extensive, but 

varying degrees of dopaminergic neuronal damage, as evident form the loss of connectivity, 

missing cell bodies, or blabbing of axons of these neurons, under the experimental conditions.  

Quantitative estimates of the percent neural damage using the published criteria show that 

dopaminergic toxicities of these toxins were concentration dependent (Figure 4B). The 

quantitative data further show that the dopaminergic toxicities of these agents are in the order 2,2-

cyanine ~ 4,4-cyanine > 5>  4I´MPP+ ~ MPP+ > 3 in BY250 (Pdat-1::GFP) strain of C. elegans 

(17).  
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Figure 4: A. Selected examples of dopaminergic neuronal damage of various toxin treated C. 

elegans strain BY250. Animals were treated with various toxins at a given fixed concentration for 

4 days. On the fourth day, animals were anesthetized with 10-25 mM NaN3 and mounted on a 

confocal microscope stage and fluorescent images of selected animals were recorded at Ex/Em 

488/520 nm with a gain of 650V.  

 

Figure 4:  B: Quantification of the percent dopaminergic neural damage in C. elegans strain 

BY250 by various toxins. In each experiment 6 dopaminergic neurons in the head area of at least 

30 control and toxin treated animals were examined and scored for displaying neurological defects 

versus no defects in accordance to the criteria detailed in Materials and Methods. Disappearance 

of the cell bodies, blebbing in the axons, or for a reduction in fluorescent intensities in any of the 

6 neurons in the head were scored as damaged and dead animals were omitted from quantification. 

The results were expressed as mean ± SD (N≥4).   **p<0.03; ***<p 0.01; *p< 0.005; and 

#p<0.001 (one-way ANOVA).  
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4.2 Measurement of Reactive Oxygen Species to Assess Potential Causes of Dopaminergic 

Damage 

 In order to provide molecular clues to the origin of the dopaminergic toxicity of these 

agents, intracellular ROS levels in toxin treated BY250 animals were examined using the 

fluorescence probe DHE, using the results of our previous in vitro studies as a guide (Figure 5A). 

These imaging studies show that while intercellular ROS levels in animals treated with 5, 4I´MPP+, 

and MPP+ have increased significantly, animals treated with 3 under the same conditions showed 

no significant increase in comparison to untreated control animals (note that the ROS levels of 

cyanine treated animals could not be visualized due to the overlap of weak cyanine fluorescence 

with the DHE fluorescence). The results of quantitative measurements of the average pixel 

intensity of the intracellular DHE fluorescence in the toxin treated and control animals using Image 

J are in good agreement with the above qualitative observations.   
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A 

 

       B            C 

 

Figure 5: Visualization (A) and Image J quantification (B) of increased ROS production in toxin 

treated C. elegans BY250 strain in comparison to controls using DHE fluorescent imaging and 

analyses. Animals were treated for 2 days with each toxin and then with 10 µM DHE for 45 min. 

Animals were then transferred to microscope plates and immobilized with 20 mM NaN3. A. DHE 

fluorescence confocal images of selected animals were recorded at Ex/Em of 488/600 nm 

(exposure of animals to laser was kept to a minimum to minimized the bleaching of DHE 

fluorescence). B. Intracellular DHE fluorescence intensities were quantified by using Image J 

according to the standard procedures described in the literature (32).  The average pixel intensities 

of at least 5 different animals were computed and the background subtracted intensities were used 

to determine the average intracellular ROS levels in toxin treated and control animals.  The results 

were expressed as mean ± SD (N≥5).   *p< 0.002 (one-way ANOVA).  Note that the ROS 

production in cyanine treated C.elegans could not be determined by DHE method due to the 

overlap of the inherent moderate fluoresce of cyanines at Ex/Em of 488/600 nm. C. Relative 

intracellular ROS levels in toxin treated C. elegans strain BY250. Animals were treated with each 

toxins for 2 days, washed, lysed by freeze-thawing, and total intracellular ROS levels were 

quantified by DCF fluorometric method (Em/Ex at 488/525 nm) as detailed in Experimental 

Methods. The ROS levels of controls were adjusted to 100% and test results were expressed as % 

of the controls. The results were expressed as mean ± SD (N≥4).  *p< 0.005 (one-way ANOVA). 
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Figure 5 (continued) 

 

To further confirm these findings and to obtain the data for cyanines a series of traditional 

quantitative ROS measurements were carried out using DFCDA with conventional fluorescence 

measurement of extracts of toxin treated and control animals. The results of these experiments 

show that MPP+, 2,2-cyamine, 4I´MPP+, and 5 treatments increase the intracellular ROS levels by 

18-100%, while 3 showed no significant increase in intracellular ROS levels with respect to the 

controls in agreement with the above DHE data.  

4.3 Analysis of Selective Dopaminergic Toxicity through Analysis of Serotonergic Neurons 

To test whether these agents are selectively toxic to dopaminergic neurons, serotonergic 

neuron GFP labeled C.elegens strain GR1333 [yzIs71 [tph-1::gfp, rol-6(su1006)] V] (25) was 

selected and the serotonergic toxicity of MPP+ (1 mM), 4I´MPP+ (1 mM), 2,2-cyanine (200 µM), 
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4,4-cyanine (200 µM), 3 (750 µM), and 5 (750 µM) were determined under the same experimental 

conditions that were used in dopaminergic toxicity measurements (Figure 3A). The imaging 

experiment indicated that these agents were either not toxic or only mildly toxic to serotonergic 

neurons in comparison to dopaminergic neurons under similar experimental conditions (Figure 

6A).   
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A

 

   B           C 

Figure 6. The effects of various dopaminergic toxins on serotonergic neurons of C. elegans strain 

GR1333. The GR1333 animals were maintained, grown, treated with various toxins, and toxicities 

were analyzed using the same protocols as for BY250 except that serotonergic neuronal damages 

were estimated by the analyses of GFP fluorescence of head serotonergic neurons. A. Images of 

various toxin treated selected animals with significant serotonergic neuronal damage. B. % of 

unaffected serotonergic neurons in GR1333 treated with various toxins under the same conditions 

as in Figure 1. The results were expressed as mean ± SD (N≥4).   *p< 0. 05 (one-way ANOVA). 

C. Image J quantification of the GFP fluorescence of toxin treated animals with significant 

serotonergic neuronal damage. The results were expressed as mean ± SD (N≥5).  *p< 0. 05.  
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The quantification of the average pixel intensities of the randomly selected group of animals show 

that while MPP+, 4I´MPP+, 3, and 4,4-cyanines serotonergic toxicities are statistically 

insignificant, 2,2-cyanine and 5 a show statistically significant, but relatively weak serotonergic 

toxicities in comparison to their dopaminergic toxicities (Figure 3B).  To further confirm the 

results of imaging experiments, a series of traditional toxicity measurements were carried out to 

determine the percent of damaged serotonergic neurons in toxin treated animals with respect to 

similar control animals using the same criteria outlined above for dopaminergic toxicity 

measurements.  The results of these studies also show that the serotonergic toxicities of MPP+ and 

4I´MPP+ are not statistically significant, while 2,2- and 4,4-cyanines and 5 showed statistically 

significant but relatively low serotonergic toxicity in comparison to their dopaminergic toxicities 

under similar experimental conditions (Figure 3C) which in good agreement with the initial 

imaging data.  

4.4 Analysis of Existing In vivo Genetic Models of PD in C. elegans 

 Next, we proceed to determine whether dopamine or α-synuclein in dopaminergic neurons 

contribute to the toxicities of MPP+ and related toxins using tyrosine hydroxylase and human α-

synuclein over expressing C.elegans strains UA57 [baIs4(Pdat-1::GFP, Pdat-1::CAT-2) and UA44 

[baIn11(Pdat-1:: α-syn, Pdat-1::GFP)] (19, 24), respectively. The initial control experiment with 

these two strains revealed that their dopaminergic neurons spontaneously degenerate with the age, 

in the absence of any toxin treatments in contrast to BY250.  As shown in Figure 4, six day old 

UA44 and UA57 animals showed approximately 45% and 40% spontaneous dopaminergic 

neuronal damage in comparison to BY250 animals. Intracellular ROS levels estimated by DHE 

imaging followed by Image J analyses (32) show that UA44 and UA57 strains produce 40-50% 

higher levels of ROS in comparison to BY250 animals under normal growth conditions (Figure 
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7). Apart from this complexity, the exposure of UA44 and UA57 animals to 1.0 mM MPP+ increase 

the dopaminergic neural damage to 70% and 60%, respectively following a trend that is similar to 

that of BY250 animals (Figure 7, Figure 5). In addition, parallel to the observations with BY250 

animals, 1.0 MPP+ treatments increased the intracellular ROS levels from the baseline levels both 

in UA44 and UA57 animals, significantly (Figure 8).  
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           A         B  

Figure 7: Spontaneous dopaminergic neuronal degeneration of UA44 and UA57 C.elegans strains 

is accelerated by MPP+.  The animals were incubated for 4 days in the presence or absence of 

MPP+ under the conditions detailed in Experimental Methods. The % dopaminergic damages in 

various C.elegans strains were estimated using the same criteria as described in Fig 1 legend. A. 

Confocal microscopic images of the age dependent spontaneous damage of the dopaminergic 

neurons of UA44 and UA57 C.elegans strains. Images were recoded after 4 days of growth under 

standard conditions. B. The effect of MPP+ on the spontaneous dopaminergic neuronal damage in 

various strains of C.elegans. Animals were incubated for 4 days in the presence or absence of 1.0 

mM MPP+. The results were expressed as mean ± SD (N≥4). *p< 0.002 (one-way ANOVA).  P 

values were calculated relative to in the age matched same strains of animal controls (absence of 

MPP+) that were treated under similar conditions.  
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       A                B 

Figure 8: Visualization (A) and quantification (B) of ROS levels in UA44 and UA57 C. elegans 

stains relative to BY250 under normal growth conditions using DHE fluorescent imaging and 

analyses. A. Animals were grown for 2 days under standard growth conditions and with 10 µM 

DHE for 45 min and the confocal fluorescence images were recorded as detailed in Figure 2 

legend.  B. Intracellular DHE fluorescence intensities were quantified by using Image J according 

to the standard procedures (32).  The average pixel intensities of 5 different animals were recorded 

and the background subtracted intensities were used to estimate the relative intracellular ROS 

levels.  The results were expressed as mean ± SD (N≥5).  *p< 0.05 (one-way ANOVA).  P values 

were calculated relative to in the age matched BY250 strains of animals that were treated under 

similar conditions. 
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        C       D 

 

Figure 8 (continued): C. Effect of MPP+ on dopaminergic neural damage and intracellular ROS 

levels of UA44, and UA57 strains of C.elegans. The animals were incubated for 4 days in the 

presence or absence of MPP+ under the conditions detailed in Experimental Methods. C. The % 

dopaminergic damages in various C.elegans strains were estimated using the same criteria as 

described in Fig 1 legend under normal growth conditions with or without MPP+ treatments (1.0 

mM, 2 days) D. The intracellular ROS levels of UA44, and UA 57 C.elegans strains were 

determined under normal growth conditions with or without MPP+ treatments (1.0 mM, 2 days) 

using DCFDA method as detailed in Experimental Methods. The results were expressed as mean 

± SD (N≥5).   *p< 0.05 (one-way ANOVA). P values were calculated relative to in the age matched 

same strains (UA44 or UA57) of animal controls (absence of MPP+) that were treated under similar 

conditions.   

 

 

 

 To determine whether the over-production of dopamine (as believed to be the case of the 

strain UA57) is the cause of the spontaneous dopaminergic degeneration in these animals, a series 

of experiments were carried out with two different types of reversible tyrosine hydroxylase 

inhibitors, i.e. α-methyltyrosine (12, 13) and 3-iodotyrosine (24) at two different concentrations 

(1.0 and 3.0 mM) under normal growth conditions.  The results of these experiments show that α-

methyl tyrosine itself causes unexpected, but significant dopaminergic degeneration in BY250 

animals under normal growth conditions (Figure 9). However, 3-iodo tyrosine caused only minor 
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dopaminergic neuronal damage in these animals even at higher concentration and showed a 

statistically significant reduction of spontaneous degeneration of dopaminergic neurons in UA57 

animals at both 1.0 and 3.0 mM concentrations. Similarly, 3-iodo tyrosine showed a similar 

protection at 3.0 mM concentration. On the other hand, both inhibitors had no significant effect on 

the spontaneous degeneration of dopaminergic neurons of UA44 strain at either concentrations 

(Figure 9A).  

 

 

Figure 9. The effect of tyrosine hydroxylase inhibitors on the spontaneous dopaminergic 

degeneration, baseline ROS levels, and dopaminergic toxicity of MPP+ in C.elegans strains.  

Animals were treated with 1.0 or 3.0 mM concentrations of two types of reversible tyrosine 

hydroxylase inhibitors [i.e. α-methyltyrosine (THI 1) and 3-iodotyrosine (THI 2)] for 4 days and 

(A) the dopaminergic neuronal damages and (B) intracellular ROS levels were quantified as 

detailed Figure 1 legend.  The results were expressed as mean ± SD (N≥4).   *p< 0.05 (one-way 

ANOVA).  C. Dopaminergic toxicity of MPP+ in C.elegans strains, BY250, UA 44 and UA57. 

Animals were treated as above except that 1.0 mM MPP+ was included in the incubation media 

and the dopaminergic neural damages were quantified as above. The results were expressed as 

mean ± SD (N≥4).   *p< 0.05 (one-way ANOVA).  

 

Furthermore, intracellular ROS measurement of UA44 and UA57 animals by DFCDA 

method under normal growth conditions showed that while intracellular ROS levels in UA57 

animals are significantly reduced by both inhibitors at 3.0 mM concentrations, no significant 

change in UA44 ROS levels were observed (Figure 9B). The data in Figure 6C further show that 
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the MPP+-mediated (1.0 mM) dopaminergic degeneration of BY250 animals were moderately 

reduced by 1.0 mM α-methyl tyrosine and 3.0 mM 3-iodotyrosine while other concentrations were 

ineffective (i.e. 1.0 mM 3-iodotyrosine) or increase the percent degeneration (most likely due to 

the toxic effects of the inhibitor; i.e. 3.0 mM -methyltyrosine (12, 13)). A similar reduction in 

dopaminergic toxicity of MPP+ was also observed with the UA57 strain at 3.0 mM concentrations 

of both inhibitors. However, no significant reduction dopaminergic toxicity of MPP+ was observed 

in UA44 strain with either inhibitors even at 3.0 mM concentrations.  
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CHAPTER 5: DISCUSSION 

 The overall goal of the present study was to investigate the key external and internal factors 

affecting the dopaminergic neural degeneration in Parkinson’s disease using novel MPP+ related 

toxins and transgenic C.elegans models in vivo. Specifically, we aimed to determine whether (1) 

the Parkinsonian toxin MPP+ is structurally unique and optimal for the selective in vivo 

dopaminergic toxicity or if it is only the simplest member of a larger group of similar toxins (2). 

The high vulnerability of dopaminergic neurons to these toxins could be primarily due to their 

inherent predisposition to produce high oxidative stress in response to complex I inhibition 

associated mitochondrial malfunctions and perturbation of oxidative energy metabolism and (3) 

intracellular dopamine and/or α-synuclein play a role in the dopaminergic toxicities of these toxins. 

Accordingly, dopaminergic toxicological characteristics of a structurally diverse group of 

previously identified in vitro dopaminergic toxins with varying toxicities and complex I inhibition 

efficacies i.e. 4´-I MPP+, 2,2-cyanine, 4,4-cyanine, and  selected N-(2-phenyl-1-propene)-4-

phenyl-pyridinium (PP-PP+) derivatives (16), were examined in vivo using transgenic C.elegans 

models, BY250 (Pdat-1::GFP), UA44 [baIn11(Pdat-1:: α-syn, Pdat-1::GFP)], UA57 [baIs4(Pdat-

1::GFP, Pdat-1::CAT-2)], UA44 [baIn11(Pdat-1:: α-syn, Pdat-1::GFP)] (19, 24), and 

GR1333 [yzIs71 [tph-1::gfp, rol-6(su1006)] V (25).   

The results presented in the manuscript demonstrate that more lipophilic MPP+ scaffold 

containing cations 2,2-cyanine, 4,4-cyanine and  PP-PP+ derivative 5 were significantly more 

lethal to dopaminergic neuron of BY250 C.elegans in comparison to MPP+. These observations 

are in good agreement with previous in vitro cell studies suggesting that MPP+ is not structurally 

unique or optimal for its in vivo dopaminergic toxicity. Similarly, the relatively poor complex I 

inhibitor 3  was a much weaker in vivo dopaminergic toxin in comparison to the structurally similar 
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stronger complex I inhibitor 5 (16), supporting the view that effective complex I inhibition is 

required for the in vivo dopaminergic toxicities of these toxins which is also in good agreement 

with the previous in vitro observations. More importantly, the overall intracellular ROS levels in 

MPP+, 4’I-MPP+, cyanine, and 5 treated animals were significantly higher in comparison to the 

control or non-toxic PP-PP+ derivative 3 treated animals parallel to their dopaminergic toxicities. 

These findings together with our previous in vitro studies suggest that the complex I inhibition 

associated mitochondrial malfunctions including over production of ROS, impairment of oxidative 

energy metabolism, and other downstream effects  may contribute to the in vivo dopaminergic  

toxicity of these and similar toxins (6, 10, 16).  

Studies with C.elegans strain GR1333 [yzIs71 [tph-1::gfp, rol-6(su1006)] V] demonstrate 

that  both MPP+ and I´4-MPP+ were not significantly toxic to serotonergic neurons demonstrating 

that they are selective dopaminergic toxins as previously reported. Similarly, cyanines, especially 

2,2-cyanine, and PP-PP+ derivative 5 showed only minor serotonergic toxicities in comparison to 

the corresponding dopaminergic toxicities under similar experimental conditions, suggesting that 

they are highly toxic to dopaminergic neurons in comparison to other monoaminergic neurons in 

vivo. These findings demonstrate that structurally diverse MPP+ scaffold containing lipophilic 

cations tested in this study are selective and potent in vivo dopaminergic toxins. 

In agreement with the previous reports, dopaminergic neurons of TH over expressing 

C.elegans UA57 strain [baIs4(Pdat-1::GFP, Pdat-1::CAT-2)] and human α-synuclein expressing 

UA44 strain [baIn11(Pdat-1:: α-syn, Pdat-1::GFP)] spontaneously degenerate with the age of the 

animal (24, 33-37). For example, six day old animals of both strains had 40-45% of their 

dopaminergic neurons damaged in comparison to less than 2-3% in age matched BY250 animals. 

Intriguingly, baseline intracellular ROS levels in these animals were 35-45% higher in comparison 
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to age synchronized BY250 animals. In addition, parallel to the toxin treated BY250 animals, 

exposure of UA44 and UA57 animals to the above toxins further increase the intracellular ROS 

levels from the baseline levels parallel to their respective dopaminergic toxicities. These and above 

findings further support the possibility that the increase in intracellular ROS levels is primarily 

responsible for both spontaneous and toxin-mediated degeneration of dopaminergic neurons in 

these animals.  

Important clues to the origin of the increased ROS levels especially in TH over expressing 

UA57 animals under normal growth conditions can be derived from the results of TH inhibition 

studies. The inhibition of TH by reversible inhibitors, α-methyltyrosine or 3-iodotyrosine 

significantly reduces both intracellular ROS levels and the spontaneous degeneration of 

dopaminergic neurons of UA57 animals (24) suggesting that the over production of dopamine 

and/or its metabolite may at least partly contribute to the increased intracellular ROS production 

and the spontaneous dopaminergic neuronal damage in these animals. In contrast, elevated ROS 

levels or the spontaneous degeneration of dopaminergic neurons were unaffected by the TH 

inhibitors in α-synuclein expressing UA44 animals, even at higher concentrations. As expected, 

pretreatments of BY250 and UA57 animals with TH inhibitors partially protect their dopaminergic 

neurons from MPP+ induced degeneration, but are ineffective in UA44 animals. These contrasting 

behaviors suggest that the molecular origin of the increased ROS production in UA44 animals 

could be distinct or more complex from that of UA57. Regardless of these mechanistic differences 

of the origin of increased ROS production in UA44 and UA57 animals, the above findings are in 

good agreement with the proposal that increased ROS production could be the primary cause of 

the degeneration of dopaminergic neurons in UA44 and UA57 animals under normal growth as 

wells as toxin treatment conditions. The above findings with BY250 and UA57 animals are also 
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consistent with our previous proposal based on the results of in vitro cell studies that oxidatively 

labile dopamine at least partially contributes to the selective increased ROS production and 

degeneration of dopaminergic neurons (6, 10-12, 16).  However, in contrast to previous in vitro 

cell studies, the present studies could not conclusively establish that dopaminergic neurons are the 

primary contributor to the overall ROS increase in toxin treated animals due to the interference of 

fluorescence emission of GFP with that of the ROS probe, DHE, and other complexities associated 

with in vivo conditions. 

As mentioned above, although degeneration of dopaminergic neurons of α-synuclein 

expressing UA44 animals under normal growth and toxin treatment conditions also appear to be a 

consequence of the overproduction of intracellular ROS, in contrast to the observations with 

UA57, TH activity appears to play a no significant role in these animals.  However, this simple 

interpretation of the observations is complicated by the previous contrasting reports suggesting 

that α-synuclein over expression in C.elegans upregulate the dopamine synthesis (38) or in 

mammalian cells reduces the intracellular dopamine levels (39-41).  However, several studies 

strongly suggest that α-synuclein over expression perturbs the dopamine metabolism in 

dopaminergic neurons. Although numerous attempts to measure the intracellular dopamine and its 

metabolite levels in BY250, UA44, and UA57 animals by HPLC-EC following previous reports 

(42, 43) were made, we were unable to positively identify or accurately quantify dopamine or its 

metabolite, DOPAC, even using large numbers of animals (~10,000). Therefore, the origin of the 

increased ROS production as well as the full interpretation of the TH inhibition data in UA44 

animals remain uncertain and are currently under investigation in our laboratory.  

In summary, the results presented above clearly show that MPP+ scaffold containing 

structurally diverse lipophilic cations are significantly more lethal to dopaminergic neuron of C. 
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elegans in comparison to MPP+. Thus, the widely recognized Parkinsonian toxin MPP+ is not 

structurally unique or optimal for the selective in vivo dopaminergic toxicity and is most likely the 

simplest of a larger group of similar toxins. The inherent predisposition of dopaminergic neurons 

to produce high oxidative stress in response to complex I inhibition associated perturbation of 

oxidative energy metabolism and other downstream effects could be primarily responsible for their 

selective vulnerability to these toxins. Consequently, spontaneous and toxin mediated 

dopaminergic degeneration of TH or α-synuclein expressing C.elegans is also associated with the 

over production of intracellular ROS through apparently unrelated mechanisms.   

CHAPTER 6: CONCLUSION 

 Chemicals that resemble MPP+ have a potential to cause dopaminergic damage in animals. 

By using C. elegans, it was found that these sets of chemicals can cause striking amounts of 

damage to the neurological system. It was found the trend of toxicity seen in previous studies 

continued to be prevalent throughout the course of these studies. MPP+ was found to also increase 

the amount of ROS in the organism. This agrees with previous in vitro studies and seems to indicate 

that ROS plays a role in PD. In addition, chemicals such as 4’I-MPP+, 5, and cyanines have 

increased ROS production when compared to MPP+. However, the methods used in these studies 

to measure ROS are limited when testing chemicals with a strong fluorescence peak in similar 

regions. Thus, another approach may be explored in the future. Serotonergic neurons however, 

displayed little damage when exposed to these chemicals compared to MPP+. However, it is 

important to note that there is a degree of toxicity in the serotonergic system when more potent 

neurotoxins are used. These results speculate that more potent complex I inhibitors may cause 

large amounts of damage to the nervous system; beyond the dopaminergic system.  
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Additionally, ROS levels were higher in other established C. elegans model systems such 

as UA44, α-synuclein expressing animals, and UA57, TH overexpressing animals. This suggests 

that ROS may play a role in the neurodegeneration of the dopaminergic system in these strains. 

Additionally, by exploring protective effects of THI, it was shown that UA57 can be protected to 

a degree from dopaminergic damage. On the other hand, UA44 animals were relatively unchanged 

in these studies.  

 Overall, these findings are promising in that they show that previous in vitro studies still 

held true when applied to an in vivo system. In the future, other more complex model organisms 

may be used to confirm these findings. Additionally, the genetic malleability of C. elegans could 

also be exploited to analyze the role of other genes or proteins in PD progression as well. 

Additionally, redox sensing GFP-tags could also be explored to further investigate the role of ROS 

in PD.  
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