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Parkinson‟s disease (PD) is the most common movement disorder and is characterized by 

the loss of dopaminergic neurons in the substantia nigra and the presence of proteinacious 

aggregates enriched in α-Synuclein (α-Syn) called Lewy bodies. Most PD has a sporadic origin, 

however, recent studies have shown that environmental toxins, including pesticides, induce α-

Syn aggregation and may cause PD symptoms. For instance, paraquat and rotenone induce α-Syn 

up-regulation and aggregation, and elicit loss of dopaminergic neurons in mice and rats 

respectively. The fact that PD has high incidence in rural areas made us wonder whether other 

pesticides commonly used in farming also had the ability to induce α-Syn aggregation. For my 

Master‟s thesis I developed a cellular assay to identify pesticides that induce α-Syn aggregation. 

I treated differentiated human neuroblastoma SY5Y cell culture expressing a α-Syn-GFP fusion 

with the 21 most commonly used pesticides in Florida‟s orange industry for 24 hrs. Then, I 

visualized the α-Syn aggregation in fixed cells under the microscope. My findings are that three 

herbicides (2, 4 D-isopropylamine salt, norflurazon and diuron), three insecticides 

(diflubenzuron, pyridaben and carbaryl) and four fungicides (mefonoxam, azoxystrobin, 

thiabendazole and imazalil) induce α-Syn aggregation. I then combined the pesticides that do not 
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induce α-Syn aggregation with a low dose of diuron, a potent inducer of α-Syn aggregation, and 

found that two more insecticides (abamectin and sulfur) and 2 herbicides (simazine and 

glycophosate) induce α-Syn aggregation. Also, the herbicide isopropylamine shows a distinctive 

change in the aggregation pattern. These findings demonstrate that 14 out of 21 pesticides tested 

have the ability to induce α-Syn aggregation, thus suggesting a strong link to PD. These 

pesticides should be further tested in rodents for a better assessment of their ability to induce PD 

symptoms. Understanding the risks associated with the current farming practices should 

contribute to reducing the incidence of sporadic PD in rural and farming environments. 
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CHAPTER 1 

INTRODUCTION 

Parkinson’s Disease  

Parkinson‟s disease (PD) was first characterized by James Parkinson in his „Shaking palsy‟ 

in 1817 (1). PD is the second most prevalent neurodegenerative disorder next only to 

Alzheimer‟s disease and the most common movement disorder in the world. Affecting about 1 

million people in the US and about 5 million worldwide, PD has a worldwide life time risk of 

2% and it has been predicted with the current demographic conditions that the cases will double 

by 2050 (2). PD is characterized by (a) loss of dopamine-synthesizing/dopaminergic neurons in 

the Substantia Nigra of the midbrain, and (b) the appearance of proteinacious aggregates (Lewy 

bodies) in the remaining dopaminergic neurons (3). Dopamine is a neurotransmitter that has been 

associated with a variety of functions such as cognition, motivation, voluntary movements, 

mood, attention, reward and punishment. The loss of dopamine production in the brain exhibits 

itself primarily in the form of loss of motor control in the body of PD patients. 

Symptoms of Parkinson’s Disease 

The primary symptoms of PD, those exhibited by all PD patients, include: postural 

instability, bradykinesia (slowness of motion), tremors, rigidity and gait disturbance (4). In 

addition, some patients present with less common, secondary symptoms that cover the complex 

spectrum of parkinsonism: speech trouble, loss of facial expression, fatigue, difficulty in 

swallowing, micrographia (small and illegible handwriting), sexual dysfunction, pain, dementia, 

sleep disturbance, fear, hallucinations, compulsive behavior, loss of smell and bladder 

disturbances (5,6). Some of these symptoms have been associated with the side effects of the 

medications given to the PD patients. The non-dopaminergic neuronal loss in the brain is 
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considered responsible for the non-motor symptoms of PD, like cognitive dysfunction, loss of 

memory, etc (2,6). 

Treatments of Parkinson’s Disease 

Today, the most effective treatments for PD available work either towards delivering the 

dopamine precursor Levodopa to the brain or suppress Levodopa metabolism during its journey 

to the dopaminergic neurons (2). Surgery in PD has also evolved over the years. Patients with 

higher degree of constant motor dysfunction are good candidates considered for deep brain 

stimulation (DBS). This procedure involves mild electrical stimulation of the subthalamic 

nucleus (STN) and the globus pallidus interna of the brain using electrodes. Although not a cure, 

DBS provides symptomatic treatment of PD, improving the quality of life of PD patients. 

Etiology of Parkinson’s Disease  

Sporadic and Genetic Causes  

The familial nature of PD was brought to light by many epidemiological studies. About 10-

30% of the PD patients have positive family histories, while first degree relatives of PD patients 

are at a 2-7-fold increased relative risk of PD (7,8). Out of the 16 PD loci (Park 1-16), the role of 

mutations in five have been confirmed with various models, whereas the eleven others are being 

investigated further for their contribution in PD pathogenesis (9). The confirmed PD genes are α-

Synuclein gene (SNCA), parkin, PTEN induced putative kinase 1(PINK1), DJ-1, and leucine rich 

repeat kinase 2 (LRRK2). The genetic cases of PD that show mutations in the dominantly 

inherited genes, i.e. SNCA and LRRK2, always exhibit Lewy body pathology in the 

dopaminergic neurons, whereas the recessively inherited genes parkin, PINK1 and DJ-1 do not 

always exhibit Lewy bodies (10)(11). Disorders of this kind have been a hurdle in explaining 

many sporadic occurrences of the disease with genetic influence.  

http://en.wikipedia.org/wiki/Subthalamic_nucleus
http://en.wikipedia.org/wiki/Subthalamic_nucleus
http://en.wikipedia.org/wiki/Globus_pallidus_interna
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The overall risk due to these rare genetic factors accounts for a small fraction of PD cases, 

whereas the majority of the cases still remain idiopathic/sporadic (10,12,13). It is therefore 

important to probe into other factors that have been reported or are expected to play a role in PD 

pathogenesis. 

Lewy Bodies and α-Synuclein 

An important pathological feature of PD is the appearance of Lewy bodies, which are 

neuronal cytoplasmic proteinacious inclusions associated with structures called lewy neurites. 

The fact that Lewy bodies contain poly-ubiquitinated proteins like α-Syn is a direct evidence for 

the possible role of dysfunction of protein degradation pathways like the Ubiquitin-proteasome-

system (UPS) in PD pathogenesis.  

α-Syn is a 140 amino acid long protein that is commonly found in presynaptic neurons of 

the mammalian brain. It is a protein with unknown function and was first found in synaptic 

vesicles of neurons (14). α-Syn exists in the body as a „natively unfolded‟ protein, fibrils of 

which have been reported in the brains of patients with Lewy body disease (15-22). PD models 

have been used to observe that the disease is characteristically accompanied by changes in the 

expression levels and distribution of α-Syn in the affected dopaminergic neurons (23). The 

identification of the missense mutations A53T and A30P in α-Syn in two kindreds with 

autosomal-dominant inherited PD provided a strong link between α-Syn and PD (24-26) . α-Syn 

gene multiplication (duplications and triplications) were also observed in early onset familial PD 

cases. This supports the role of the higher levels of wild type α-Syn in PD pathogenesis. 

Transgenic mice models expressing mutant (A53T and A30P) and wild-type human α-Syn 

ubiquitously, showed motor impairment, but very few cases of Lewy body pathology or nigral 

cell loss were observed (10). On the other hand, Yamada et al. in 2004 (27) reported that 

overexpression of α-Syn in the Substantia nigra of rats, induced about 50% loss of dopaminergic 
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neurons along with Lewy body pathology. These models support the idea that the abundance of 

α-Syn protein in the Lewy body aggregates of the PD affected dopaminergic neurons is a 

diagnostic hallmark of PD (28-31).  

Many factors seem to facilitate the aggregation of α-Syn (32). Some of the 

mechanisms/agents that have been suggested to be responsible for the aggregation of α-Syn in 

the Lewy bodies are phosphorylation at amino acid serine 129; C-terminal truncations, oxidative 

stress, interactions with metals or certain proteins or lipids; and pesticides (10,33-35). The 

genetic PD cases have also shown the aggregates of α-Syn in proteinacious inclusions 

(25,26,36). α-Syn aggregation is not only confined to PD, but is also seen in Lewy body 

dementia, and other neurodegenerative disorders (32). It can therefore be predicted that 

aggregation of α-Syn might be the missing link in the puzzle surrounding all these disorders. 

Environmental Factors, α-Synuclein and PD 

The twin studies involving mono and heterozygotic twins showed that environmental 

factors are more likely to be responsible for PD than the genetic factors (37-39). Many 

epidemiological studies have proved that factors like rural living, well water drinking and 

pesticide exposure, can increase the risk of PD (40). A set of 19 studies showed that pesticide 

exposure doubles the risk of PD (41). An important example is 6-hydroxydopamine (6-OHDA), 

a compound whose structural similarity to dopamine caused competitive inhibition at the 

substrate binding site of dopamine transporters in a non-human primate model (42). 

Additionally, environmental neurotoxins have been reported to cause parkinsonian symptoms in 

animal models (4,43). The insecticide rotenone is a naturally-occurring complex ketone that can 

easily cross the blood brain barrier. It is also a strong inhibitor of the complex I of mitochondria. 

50% of rats exposed to rotenone developed features typical of PD like intracellular inclusions 

positive for α-Syn and Ubiquitin and behavioral features similar to human PD (44,45). In the 
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1980‟s, a herbicide that is also created as a byproduct of the narcotic drug heroin, was reported to 

induce classic parkinsonian symptoms in a group of young addicts when they injected 

themselves with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) contaminated heroin 

(46,47). This is one of the key reports linking environmental factors to PD pathogenesis. Non-

human primate and rodent models of MPTP exposure have shown its ability to cause PD 

symptoms, (48) e.g. mitigation of symptoms in response to dopaminergic precursors like L-

DOPA (L-3,4-dihydroxy-L-phenylalanine) and dopamine receptor agonists (49,50). Mice and rat 

models have shown lesser sensitivity to MPTP as compared to the primate models (51,52), 

however they show extra-nigral dopaminergic neuronal loss and enteric tyrosine hydroxylase 

positive neuronal loss (53). Paraquat is another commonly used herbicide (1, 1 dimethyl 4,4 

bipyridinium) that is structurally similar to MPTP (54). Paraquat induces dopaminergic loss in 

the substantia nigra, reduced ambulatory activity (neurobehavioral PD characteristic) and also 

crosses the blood brain barrier (BBB) in mice models (55). Interestingly, paraquat injected in the 

SN of mice results in transcriptional activation of SNCA and aggregation of protein α-Syn in a 

dose-dependent fashion (56). Finally, the last pesticide that has been associated with 

parkinsonian symptoms is the organochloride dieldrin. Dieldrin-induced neurotoxic and 

dopamine-depleting effects were first shown in duck, dove and rat models (57-60). That dieldrin 

was capable of causing Parkinsonian symptoms was clear from the reports of increased residual 

dieldrin concentration in PD affected brains and selective dopaminergic toxicity in primary 

mesencephalic cultures. It was also found that dieldrin treatment promotes the α-Syn fibril 

formation (16,61-64).  

These findings proved that the up-regulation and aggregation of α-Syn as a consequence of 

treatments with these environmental-toxins i.e. pesticides, were potential mechanisms of 
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pathogenesis of PD due to the gene-environment interactions (56). In this work, we have 

developed a cell culture based assay for visualizing and quantifying pesticide-induced α-Syn 

aggregation and their potential role in PD pathogenesis. 

 



 

21 

CHAPTER 2 

MATERIALS AND METHODS 

Cell Culture 

SH-SY5Y cells were grown in Corning 25 cm
2
 canted neck flasks. The media used was 

Gibco Dulbecco‟s modified eagle medium (DMEM)/F12 (Invitrogen) + 10% heat inactivated 

fetal bovine serum (FBS) + 1% penicillin-streptomycin. The cells were maintained inside a 5% 

CO2 37°C incubator until they grew to about 90% confluence. At this point, the cells were 

trypsinized (trypsin EDTA 1x, Mediatech), incubated for 5 mins inside the 37°C-5% CO2 

incubator and „split‟ to 1:5 dilution into 2-3 canted neck flasks. The media was changed every 

other day in order to keep the cells healthy for experiments.  

Cell Differentiation 

Differentiation in the SH-SY5Y human neuroblastoma cells was induced by a combined 

action of retinoic acid and mitotic inhibition by reduction of fetal bovine serum (FBS). The SH-

SY5Y differentiation media was DMEM/Ham‟s F12 (Invitrogen) + 1%FBS + 1% penicillin-

streptomycin + 10µM all-trans retinoic acid (Sigma). The reduction in the serum and addition of 

retinoic acid to induce neuronal differentiation of SY5Y cells was taken from Lopes et al. (65). 

During differentiation the media was changed every day. 

RNA Extraction 

The collection of the cells was carried out by trypsinizing the cells with 2 mL of trypsin 

EDTA per canted neck flask and incubation for 5 mins in the 37°C-5% CO2 incubator. 6 mL of 

media for the cell differentiation was then added to collect the cells. The solution with cells was 

then centrifuged at 4,000 rpm for 10 mins. The supernatant was discarded and the pellet was 

washed with 1x Dulbecco‟s phosphate buffered saline (PBS) from Mediatech. The RNA 

extraction from the day 0, day 4, day 5, day 6 and day 7 old cells was carried out with 
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RNAqueous Kit (Ambion). 350 µL of lysis buffer was added to the pellet of cells (thawed from -

80°C freezer) and resuspended. 350 µL of 64% ethanol was added, tubes were vortexed for 2 

mins and centrifuged at 13,000 rpm for 30 sec. The supernatant was transferred to the filter and 

centrifuged at 13,000 rpm for 30 sec. 700 µL of wash solution #1 was added and centrifuged at 

13,000 rpm for 30 sec. 500 µL of wash solution#2/3 was added and centrifuged at 13,000 rpm 

for 30 sec. The solution in the collection tube was now discarded and the column alone was 

centrifuged at 13,000 rpm for 30 sec to remove any leftover wash solutions. A new collection 

tube was now used to elute 40 µL of elution solution through the filter, centrifugation was done 

at 13,000 rpm for 30 sec. The volume of elution was measured and half that volume of LiCl was 

added for precipitation and the solution was incubated at -20°C for 1 hour. The tubes were now 

centrifuged at 13,000 rpm for 15 mins. The supernatant was now removed and discarded. The 

pellet was washed twice with cold 70% ethanol and re-centrifuged to aspirate away leftover 

supernatant. The pellet was now air dried for 10 mins. Finally, 30 µL of Cellgro water was now 

added and the resuspension was done after 15 mins. 

RT PCR 

The reverse transcriptase polymerase chain reactions were carried out with superscript III 

first strand synthesis system from invitrogen to obtain the cDNA from the RNA. 400 ng of RNA 

was initially used to obtain the cDNA. The primers used for the RT PCR were; a) Tyrosine 

hydroxylase Forward 5‟GCC CTAC CAA GAC CAG ACG TA3‟, Reverse 5‟CGT GAG GCA 

TAG CTC CTG A3‟, b) Tau Forward 5‟GCG GCA GTG TGC AAA TAG TCT ACA A3‟, 

Reverse 5‟GGA AGG TCA GCT TGT GGG TTT CAA T3‟. c) GAPDH Forward 5‟ GAG TCA 

ACG GAT TTG GTC GT 3‟, Reverse 5‟ TTG ATT TTG GAG GGA TCT CG 3‟ 

All the following steps (except where mentioned, were carried out on ice).  
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The RNA+Primer mix constituted of the RNA isolated from SY5Y Cells, 50 µM 

oligo(dT), 10 mM deoxy ribonucleotide triphosphate (dNTP) mix and diethylpyrocarbonate 

(DEPC)-treated water in concentrations provided with the kit. The RNA+Primer mix was then 

transferred to 65°C for 5mins (using the thermomixer) and then on ice for 2 min. The 

complimentary DNA (cDNA) Synthesis mix was now prepared with 10x RT buffer, 25 mM 

MgCl2, 0.1 M DTT, RNase OUT (40 µM/ µL) and Superscript III RT (200 µM/ µL). The 

concentrations used were as per the protocol provided with the kit. 10 µL of the cDNA synthesis 

mix was now added to the 10 µL of the RNA+Primer mix. The final mix was now incubated at 

50°C for 50 mins and then at 85°C for 5 min. The cDNA was stored at -20°C until further use. 

The PCR reaction was now carried out using cDNA obtained from the RNA isolated from 

the cells at Days 0, 4, 5, 6 and 7 post induction of differentiation. We made use of 3 μl of cDNA, 

25 μl of PCR master mix (ROCHE), 1 μL each of 100 μM TH primers (forward and reverse) and 

0.7 μl each of 100 μM GAPDH primers (forward and reverse) and 18.6 μl of PCR grade water to 

make a total reaction volume of 50 μl.  

The PCR reaction was setup according to the following steps. a) Denaturation at 94°C for 

2 mins. (b) Denaturation at 92°C for 15 secs, Annealing at 55°C for 30 secs and Elongation at 

72°C for 1 min. Step (b) was set for 35 cycles. (c) Final elongation at 72°C for 7 mins. (d) The 

final PCR product was kept at 4°C until used. 

The PCR products were then run in a 1% agarose electrophoresis gel. 

Quantitative PCR 

The quantitative PCR was carried out using SYBR Green PCR master mix from Applied 

Biosystems. The PCR mix contained: 12.5 μl of 2 X SYBR green PCR master mix, 1 μl each of 

specific (forward and reverse) primers in the respective reactions, 1.5 μl of cDNA obtained from 

the RT PCR of 400 ng of initial RNA from cells at the various time points in differentiation and 
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9 μl of PCR grade water to make a total reaction volume of 25 μl. The quantitative PCR was run 

at 7500 fast 96-well setup. Comparative CT and standard 2 hr Q PCR settings were activated. 

The reference sample was Day 0 QPCR reaction and the control gene was GAPDH. The layouts 

of the Q PCR plates (Figures 2-1 and 2-2) show that columns 1 to 6 contain the PCR 

amplification reactions of TH and tau genes and 6-12 for GAPDH gene respectively, e.g. row 1 

consists of 6 copies of the negative control sample (without the cDNA) for the TH gene 

amplification and 6 of negative control of GAPDH primer mediated PCR amplifications 

respectively. The rest of the rows contain 6 copies each of day 0, 4, 5, 6 and 7 cDNA PCR 

amplifications. 

α-Synuclein-GFP DNA Amplification 

Transformation Using SURE2 Cells 

The α-Synuclein-GFP DNA construct was provided by Dr. Eliezer Masliah, UCSD (66). A 

25 µL aliquot of SURE 2 cells was thawed on ice for 10 mins. 2 µL of β-ME was added to the 

aliquot and the mixture was allowed to thaw further for 20 mins. About 30-50 ng of the α-

Synuclein-GFP DNA were added to the aliquot in a 1 µL volume. The aliquot was now 

incubated on ice for 30 mins. The aliquot was then heat-pulsed for a period of 30 secs in a 42°C 

water bath. The aliquot was then kept on ice for 2 mins and 0.9 mL of SOC medium (at room 

temperature) was then added to it. The aliquot was finally incubated at 37°C for 1 hour in a 

horizontal/ slanted position or maximum growth of the competent cells with shaking at 225-250 

rpm. 200 µL of culture from the aliquot was plated on (Isopropyl-β-D-thio-galactoside) IPTG-

XGal (Fisher Bioreagents) containing agar plate for transforming the SURE2 cells with the 

experimental DNA. The white colonies (containing the α-Syn-GFP DNA construct) were picked 

from these plates after 14 hrs of incubation of the plate at 37°C. The colonies were grown in 35 

mL of LB broth +ampicilin medium in 50 mL Corning screw cap tubes and were shaken in the 
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orbital shaker for 14-16 hrs in the 37°C incubator. 500 µL of the culture was first removed and 

was mixed with 500 µL of autoclaved glycerol for making the glycerol stock which was frozen 

at -80°C for the DNA amplification in future. The rest of the culture was used for the Midiprep. 

Midiprep 

The Midiprep was carried out with the Qiagen Midiprep kit. The culture was first 

centrifuged at 5,000 rpm for 15 mins in a 50 mL Corning screw cap tube. All the supernatant was 

removed. Pellet was resuspended in 8 mL of buffer P1. 8 mL of buffer P2 was then added and 

the tube was immediately and gently inverted 5-6 times to mix the solution. The tube was then 

kept at room temperature for 5 mins. 8 mL of buffer P3 was then added and the solution was 

mixed (by inversion) until it was clear with white particles floating on the top. The tube was then 

centrifuged for 15 mins at 8,000 rpm. Tip-100 column was first equilibrated by running 5 mL of 

the buffer QBT over it. The entire supernatant was loaded into the equilibrated Tip-100 filter 

column (Note: It is important that none of the white particles enter the column as they can block 

it). The column was then washed twice with buffer QC. The DNA was then eluted into a 15 mL 

Corning culture tube with 8 mL QF buffer. 5.6 mL isopropanol was then added and mixed to the 

eluted solution. The mixture was then microcentrifuged (in 2 mL Eppendorf tubes, in multiple 

batches, by removing the supernatant and adding 2 mL of the mixture), 10 min at 13,000 rpm. 

The pellet was then washed with 70% ethanol. The pellet was finally air dried for 10 mins in the 

37°C incubator and then resuspended in 100 µL of DNAse treated CellGro water. 

Digestion Analysis of α-Synuclein-GFP DNA 

Once the amplification of the α-Syn -GFP DNA was completed, the DNA was checked for 

the correct length using digestion analysis. The mixture of the 75-100 ng of the DNA, restriction 

enzyme EcoRI (1 µL), restriction buffer (1 µL) and water to make the final volume of 10 µL was 

prepared. The digestion was carried out at 37°C for 5 hrs, and then the reaction as stopped by 



 

26 

incubation of the mixture at 75°C for 20 mins. The DNA was then run on a 0.8% agarose 

electrophoresis gel to check for the expected band sizes post digestion with EcoRI restriction 

enzyme.  

Cell Viability Assay 

All cell viability assays were carried out in Nunc # 237105 black bottom 96-well micro-

plates. For this assay, the total number of cells initially plated on the wells was 15,000. The cells 

were counted with the hemacytometer from Fisher scientific. CellTiter-Glo® luminescent cell 

viability assay from Promega was used to determine the cell viability of differentiated cells after 

24 hours of pesticide-treatments. The following steps were followed for this assay. 

The opaque walled multi-plates were prepared for the reaction and were used to 

differentiate the cells 7 days prior to the experiment and 70% of the differentiation media was 

changed every day. Control wells without the cells were prepared to obtain background/reference 

luminescence values. The CellTiter-Glo® buffer and the lyophilized CellTiter-Glo® substrate 

were thawed and equilibrated at room temperature for 30 mins prior to the beginning of the 

assay. 5 mL of the given buffer was then added to the lyophilized CellTiter-Glo® substrate. The 

solution was then mixed well by vortexing for 5-7 mins on maximum speed. This formed the 

CellTiter-Glo® reagent (Stored at -20°C in the amber bottle provided with the kit when not 

being used). Once the differentiation of the cells was complete, they were treated with pesticides 

and other environmental neurotoxins whose effect on viability was being checked with the 

CellTiter-Glo® assay. Now an equal volume of the Cell-Titer-Glo® reagent (100 µL for 96-well 

plates) was added to the media in each well. The contents of the plate were then mixed in an 

orbital shaker for 2 mins to induce cell lysis. The plates were incubated at room temperature for 

10 mins to stabilize the luminescent signal. The luminescence was finally recorded using a 
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Luminometer from Bio Tek. The integration time used was .25-1 second. Every sample had 4 

replicates and the average luminescence value from these four wells was considered. 

Pesticide Treatment and α-Syn Aggregation 

Imaging of the cells was carried out in glass bottom 96-well micro-plates MGB096-1-2-

LG-L from Matrical. The number of cells plated initially for these experiments was 35,000. The 

cells were allowed to grow on the glass bottom plates for a period of 14-16 hrs. The cells were 

then transfected with the α-Syn-GFP DNA construct using the Lipofactamine 2000 kit from 

Invitrogen. Pools of plasmid DNA (400 ng per well) + Opti-DMEM (25 µL per well) mix and 

Lipid (1 µL per well) + Opti-DMEM (25 µL per well) were prepared according to the number of 

wells transfected. The pools were then kept at room temperature for 5 mins. The two pools were 

then mixed in one 2 mL Eppendorf tube or a 10 mL Corning cell culture tube by gentle swirling 

and kept at room temperature for 20 mins. 52 µL of the pools was then added to each well 

containing cells to be transfected. The plates were then incubated for 24 hrs at the 37°C, 5% CO2 

incubator. After 4 hrs of the transfection step, the media in the wells was removed and fresh 

media was added. The cells were now differentiated before further treatment with pesticides  

Pesticide Treatment 

All the pesticides commonly used in the orange industry in Florida were bought from 

Sigma except for 2, 4, D isopropylamine, a herbicide that was obtained from Agri-Star. Stock 

solutions of the pesticides at suitable concentrations and in suitable solvents (Table 3-1, 3-2 and 

3-3) were first prepared at 100x or 1000x the required concentrations and were added in right 

proportions to the wells containing differentiated and transfected SY5Y cells. The pesticide 

treatments were carried out and the cells were incubated in the in 37°C 5% CO2 incubator for 24 

hrs for all the individual and combination treatments. 
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Triple Immunostaining of SY5Y Cells 

Stock solution of MitoTracker red CMXRos® from Promega was prepared with DMSO to 

a final concentration of 1 mM. The solution was kept at -20°C freezer and was covered in 

aluminum foil (as the dye is sensitive to light) and was thawed at room temperature 30 min prior 

to use. The working concentration of the MitoTracker® (100 nm) was prepared in the SY5Y cell 

culture media. The MitoTracker® was added to the wells and was incubated in the 37°C 5% 

CO2 incubator for 45 mins. The plates were then exposed to as less ambient light as possible. 

The cells were then washed with PBS twice over 5-7 mins. The cells were then fixed in 200 µL 

fixation solution per well (40% formaldehyde in 1x PBS) and left at room temperature for 20 

mins. The cells were then washed with PBT (0.3% TritonX-11 in 1x PBS), thrice over 5-10 

mins. 200 µL of blocking solution per well (0.5% bovine serum albumin (BSA) in PBT) was 

then added and the plates were left at room temperature for 30 mins.  

The primary antibody (rat monoclonal anti-GFP, Sigma) was added at 1:200 dilution to the 

wells and was kept at room temperature for 2 hrs. The cells were then washed with PBT solution 

thrice over 5-10 mins.  

The secondary antibody (Goat-Anti rat-fluorescein isothiocyanate (FITC) secondary 

antibody) was then added at 1:600 dilution and the cells were kept at room temperature for 30 

mins. The cells were finally washed twice with PBT over 5-10 mins and the nucleus-staining 

DAPI was then added at 1:1000 dilution in PBT. The cells were kept at room temperature for 10 

mins before the PBT was replaced with 200 µL PBS in each well. The cells were then ready to 

be imaged with triple staining of MitoTracker®, α-Syn-GFP and DAPI. 
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Pesticide-Combination Treatment 

Determination of Aggregation-Negative Diuron Concentration 

The pesticides that were found to be capable of inducing α-Syn aggregation in the 

differentiated SY5Y cells were called aggregation-positive and the rest were called aggregation-

negative pesticides. In this experiment, the aggregation-positive herbicide diuron was used as a 

sensor for combinatorial pesticide treatment. To find the concentration of diuron to be used as 

the sensor in the combinatorial pesticide treatment, we added 1/100, 1/50, 1/20, 1/10 and 1/5 

times of the treatment concentration of diuron (1µM) i.e. 10 nM, 20 nM, 50 nM, 100 nM and 200 

nM respectively to the transfected and differentiated cells. From this we found the concentration 

of diuron that was incapable of causing any aggregation of α-Syn. 

Combination Treatment 

We added the 10 nM of the herbicide diuron (determined from the previous experiment to 

be aggregation-negative) with the treatment concentrations of all the insecticides, herbicides and 

fungicides from Table 3-1, 3-2 and 3-3. Following the same steps of the individual pesticides 

induced aggregation experiments, these combinations of the 21 pesticides and diuron in the 

concentration at which it is incapable of inducing aggregation of α-Syn were added to the 

differentiated SY5Y cells expressing the α-Syn-GFP DNA construct. The imaging and analysis 

of the cells post pesticide-combination treatments were done in the exact same way as for the 

individual pesticides. 

Statistical Analysis 

Cell Viability Data Analysis 

The CellTiter-Glo® system produces luminescence corresponding to the number of cells in 

each well of the cell culture plate.  The luminescence data was collected as four replicates of 

each individual treatment. The final value of the cell viability was calculated using the mean of 
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the four luminescence values with the stand deviations shown as error bars. The mean 

luminescence value of every treatment was normalized to the mean luminescence value of the 

NO pesticide treatment wells. This way we could analyze the difference in the number of cells in 

the wells induced due to the various treatments. 

α-Syn Aggregation Experiments Data Analysis 

The cells were treated with the toxins (both individually and in combinations) at particular 

concentrations, in triplicates. After the cells in the plates were treated with the toxins for 24 hrs, 

fixed and immunostained, we took approximately 10-15 images of each well. Approximately 5-

10 representative cells from every well were selected and the α-Syn-GFP aggregates were 

counted according to the three size categories.  

We first obtained the aggregation data for the NO pesticide treatment wells (negative 

control treatment). The mean percentage of the 3 categories of aggregates induced due to the 

negative control treatments was obtained along with the mean percentage of expression of the 

protein in the diffuse form throughout the cells along with the standard deviation values. 

We then calculated the mean and standard deviation values of the number of α-Syn 

aggregates of each size category induced due the treatments of the cells with the various 

pesticides and plotted the comparison graphs between the experimental and the negative control 

treatment of the differentiated SY5Y cells. 
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Figure 2-1. Q PCR setup for Tyrosine Hydroxylase gene expression in differentiating SY5Y cells 

(Reference/Housekeeping gene GAPDH) 

 
Figure 2-2. Q PCR setup for „tau‟ gene expression in differentiating SY5Y cells 

(Reference/Housekeeping gene GAPDH) 
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CHAPTER 3 

RESULTS 

Differentiation of SY5Y Cells 

PD specifically affects the dopaminergic neurons of the brain. In order to make the SH-

SY5Y human neuroblastoma cells a relevant model for this PD study, we needed the cells to 

exhibit characteristic features of dopaminergic neurons. Differentiated SY5Y cells had been 

shown before to express properties typical of dopaminergic neurons (65). This process of 

differentiation of the SH-SY5Y cells to a dopaminergic neuron-like cell culture was induced by 

reducing the concentration of FBS and introduction of all-trans retinoic acid in the cell culture 

media. The following changes were observed to determine the number of days taken for the 

acquisition of dopaminergic characteristics, post introduction of the differentiation conditions.  

Morphological Changes 

The expected morphological change during the dopaminergic neuronal differentiation of 

SY5Y cells is extensive neurite growth. These changes were visible starting from the day 2 post-

differentiation, with no further differences in the morphology through days 4, 5, 6 and 7 post-

differentiation (Figure 3-1). 

Gene Expression-Q PCR 

The number of days taken for the SY5Y cells to undergo dopaminergic neuronal 

differentiation could not be determined precisely by the morphological changes of the cells. We 

then used gene expression analysis of two genes whose expression is expected to increase during 

differentiation. Tyrosine hydroxylase (TH) is the rate limiting enzyme of dopamine synthesis and 

tau is the microtubule stabilizing protein necessary for neurite formation during differentiation. 

We amplified the two genes to determine the degree of dopaminergic differentiation. GAPDH 
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(Glyceraldehyde phosphate dehydrogenase) was used as the housekeeping gene, i.e. it is 

expected to show no change in the expression level during differentiation. 

The quantitative RT PCR was carried out to quantify the relative change of expressions of 

TH and tau genes with respect to GAPDH at time points-day 0, 4, 5, 6 and 7 post differentiation. 

The expression of the TH and tau was normalized to day 0. The Q PCR data confirms that the 

levels of TH and tau are the highest seven days post differentiation (Figures 3-2 and 3-3). The 

gene expression of TH on day 7 is approximately three times the expression on day 6. With these 

experiments, our assay conditions were setup and SY5Y cells were allowed to differentiate for 7 

days before the pesticide treatments. 

Common Pesticides Used in Florida’s Orange Industry 

The aim of this project was to develop a cell based assay to analyze and quantify the ability 

of pesticides used in the orange industry of Florida to induce aggregation of α-Syn in 

differentiated SY5Y cells. We obtained reports with the list of pesticides used by the orange 

industry farmers of Florida over the last 8-10 years from Dr. Davis Daiker and Dr. Dennis 

Howard, Florida Department of Agriculture and Consumer Services. We could narrow down a 

list of 7 herbicides, 8 insecticides and 7 fungicides from these reports that were being used most 

commonly by the farmers of the state of Florida each year. Tables 3-1, 3-2 and 3-3 show the list 

of Florida‟s orange industry fungicides, herbicides and insecticides that we tested using our 

assay. 

Cell Viability Data 

Before we could start the aggregation experiment, it was important for us to find the 

concentrations of these pesticides that were cytotoxic to the day 7 differentiated SY5Y cells in 

our assay so that we could use a safe non-toxic optimal concentration for evaluating aggregation 
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of α-Syn protein in the cells. The optimal treatment concentrations were determined by a cell 

viability assay. 

The CellTiter-Glo® system from Promega works by causing cell lysis and production of a 

luminescent signal proportional to the ATP content in the cell culture, thus providing an indirect 

measure of the number of cells. We first determined the luminescence values of the blank wells 

(without cells) and positive control wells (with cells and No pesticide treatment) so that we could 

obtain the baseline. For the orange industry pesticides, we chose treatment concentrations of 0.1, 

1, 5, 10 and 100 μM in 4 replicates per pesticide treatment for obtaining statistically relevant 

data. Considering the concentration of pesticide at which we observed more than 30-40% loss of 

cells as toxic, we found the treatment concentration of each pesticide safe to be used in the 

aggregation experiments.  

In the following sections, we show the toxic concentrations and the treatment 

concentrations of the pesticides that we found from our experiments. 

Positive Controls 

As positive controls we used four pesticides that had been previously reported to induce α-

Syn protein aggregation. These pesticides were rotenone, paraquat, dieldrin and MPP+. 

Rotenone: The number of cells reduced to approximately 60% of the initial value after the 

24 hr treatment with 0.1 μM rotenone but the toxicity does not significantly increase due to 

increase in concentrations to 2.5 μM. Based on its toxicity, the concentration used in the 

aggregation experiments was 1 μM (Figure 3-4 A). Due to paraquat treatment the number of 

cells reduced to approximately 60% of the initial after the 24 hr treatment at 50 μM. Based on its 

toxicity, the concentration used in the aggregation experiments was 0.5 μM (Figure 3-4, B). 

There was a sudden drop in the number of cells to close to 0 beyond the 27 μM treatment of 

dieldrin. Based on its toxicity, the concentration used in the aggregation experiments was 5 μM 
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(Figure 3-4, C). The toxicity of MPP+ was only significantly visible at the 500 μM concentration 

treatment. Based on its toxicity, the concentration used in the aggregation experiments was 100 

μM (Figure 3-4, D). 

Orange Industry Fungicides Induced Cell Toxicity 

Mefonoxam, azoxystrobin and sodium phenylphenate caused complete cell death within 

our test concentrations at 5, 100 and 100 μM treatments respectively. Based on the toxicity of 

these fungicides, their concentration used for the three aggregation experiments were 0.1 μM 

(Figures 3-5). Fungicides copper sulfate and copper hydroxide were not as toxic as the first set of 

fungicides but caused 50-70% reduction in the number of cells within our test concentrations of 

0.1 to 100 μM. Based on the toxicity of these fungicides, their concentration used in both the 

aggregation experiments was 1 μM (Figures 3-6). Fungicides thiabendazole and imazalil were 

the least toxic as they reduced the number of cells by only 20-30% within our test concentrations 

of 0.1 to 100 μM. Based on the toxicity of these fungicides, their concentrations used in the 

aggregation experiments were 1 and 0.1 μM respectively (Figure 3-6). 

Orange Industry Insecticides Induced Cell Toxicity 

The next class of orange industry pesticides of Florida that were tested for cell toxicity 

using the cell viability assay was insecticides. Abamectin, pyridaben and fenbutatin oxide were 

highly toxic and killed 80- 95% of the cells within our test concentrations of 0.1 to 100 μM. 

Based on the toxicity of these insecticides, their concentrations used in the aggregation 

experiments were 0.1, 1 and 0.1 μM respectively (Figure 3-7). Diflubenzuron, carbaryl, 

chloripyrifos and sulfur were not as toxic as the first set but reduced the total number of cells by 

30-60%. Based on the toxicity of these insecticides, their concentrations used in the aggregation 

experiments were 1, 0.1, 1 and 1 μM respectively (Figures 3-7 and 3-8). Aldicarb was the least 
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toxic in the insecticides as it was able reduce the number of cells only by approximately 20%. 

The concentration of this insecticide used in the aggregation experiment was 1 μM (Figure 3-8). 

Orange Industry Herbicides Induced Cell Toxicity 

The next class of orange industry pesticides of Florida that were tested for cell toxicity 

using the cell viability assay was herbicides. The herbicides norflurazon and simazine were the 

most toxic, as they could reduce the number of cells by approximately 60% of the initial value. 

Based on the toxicity of these herbicides, their concentrations used in the aggregation 

experiments were 0.1 and 1 μM respectively (Figure 3-9). The herbicides Bromacil, Diuron and 

Glycophosphate were not as toxic as the first set of herbicides, although they reduced the number 

of cells by 40-50% of the initial value. Based on the toxicity of these insecticides, their 

concentration used in the three aggregation experiments was 1μM (Figures 3-9 and 3-10). The 

herbicide 2, 4, D isopropylamine was the least toxic of the 7 herbicides tested (including 

Paraquat, data shown in the positive controls section) as it could reduce the number of cells by 

only approximately 25%. The concentration of this herbicide used in the aggregation 

experiments was 10 μM (Figure 3-9).  

Orange Industry Pesticides Induce α-Syn Aggregation 

The next part of the project was to screen the set of 21 pesticides with our assay and to 

report the ones that are capable of causing α-Syn aggregation. The pesticide-induced aggregation 

assay was divided into the following phases: a) transfection of the SY5Y cells with α-Syn-GFP 

DNA, b) addition of differentiation media to the SY5Y cell culture and differentiating the cells 

over 7 days, c) treatment of the differentiated cells with pesticides for 24 hrs and d) 

immunostaining and imaging the cells using fluorescence microscopy. 

The α-Syn-GFP construct was kindly provided to us by Dr. Eliezer Masliah (UCSD) (66) 

and was amplified by transformation purified by Midiprep and analyzed by digestion analysis. 
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The transfection efficiency and continuous expression of the α-Syn-GFP gene over the 

differentiation was tested using No-pesticide treated control cells. Once the transfection of the 

DNA into our SY5Y cells was carried out and the day 7 differentiation of the cells was complete, 

we treated the cells with the optimal concentrations of each pesticide. All the treatments were 

carried out in triplicates to avoid experimental variability and to obtain quantifiable data.  

After the pesticide-treatments for 24 hr, the cells were fixed and immunostained with triple 

staining:  

MitoTracker®: Specifically stains the mitochondria. This staining was done in order to 

visualize the mitochondrial damage.  

GFP antibody staining: Although the fluorescence signal from the α-Syn-GFP construct 

was visible in the live cells, the signal was very weak and quenched in a few seconds. Using the 

antibody staining against GFP, we could obtain a more robust signal that enabled us to obtain 

clear images of the cells. 

DAPI: 4',6-diamidino-2-phenylindole is a fluorescent marker that stains the AT-rich 

regions of the DNA and is used as a nuclear dye. DAPI was used for observing changes in the 

nucleus of the cells by the 24 hours of treatments as the nucleolus disintegrates in highly 

stressed/dead cells. 

The following section shows the quantified data of α-Syn aggregations due the treatments 

with various pesticides. The quantification of all the aggregates induced by various pesticide 

treatments were based on size. The aggregates in the differentiated SY5Y cells were counted 

according to their diameters and were split into three categories 0.5-1 μm, 1-2 μm and >2 μm in 

diameter. 
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Negative Control (No Pesticide Treatment): 

In the negative controls, we observed that approximately 90% of the cells accumulated α-

Syn protein in its diffuse form (Figure 3-11). Approximately 5% of the cells exhibited small 

aggregates size.  

Figures 3-19 and 3-20 show two representative examples of the cells. 

Positive Control Environmental Neurotoxins: 

These are the compounds that are known to cause α-Syn aggregation.  

Rotenone and dieldrin showed that approximately 70% and 65% of the aggregates were 

0.5-1 μm in size, 28% and 30% were 1-2 μm and 2% and 5% were aggregates of sizes >2 μm, 

respectively (Figures. 3-12, A and C). We conclude that these pesticides predominantly induce 

small and medium sized aggregates (Figures 3-21 and 23). 

Paraquat showed that approximately 25% of the aggregates were 0.5 to 1 μm, 45% were 1-

2 μm and 30% were >2 μm in size (Figure 3-12, B). We conclude that paraquat produces larger 

aggregates along with lesser small and medium sized aggregates (Figures 3-22) and change in 

mitochondrial morphology to globular structures representing damage. 

MPP+ showed that approximately 30% of the aggregates were 0.5-1 μm, 60% were 1-2 μm 

and 10% were >2 μm in size (Figure 3-12 D). We conclude that MPP+ predominantly produces 

medium sized aggregates of α-Syn protein (Figures 3-24). 

Both paraquat and MPP+ produced a change in the mitochondrial morphology from a 

healthy fragmented hair-like pattern, seen in negative control-no pesticide treatments, to an 

aggregated and round appearance, representing damage. 

Fungicide Induced α-Syn Aggregation 

To test the ability of the orange industry pesticides to induce α-Syn aggregation, we 

followed the same procedure as described in the positive controls. Four out of the seven 
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fungicides tested showed ability to induce α-Syn aggregation in our experiments. The rest of the 

fungicides were unable to cause aggregation. 

Mefonoxam and thiabendazole showed similar patterns. Approximately 50% and 45% of 

the aggregates were 0.5-1 μm, 20% and 25% were 1-2 μm and 30% were >2 μm in size in both 

the fungicides respectively (Figure 3-13, A and C). We conclude that they are capable of 

producing larger aggregates along with small and medium sized aggregates on statistically 

significant level (Figures 3-25 and 3- 27). 

Azoxystrobin and imazalil showed that approximately 50% and 70% of the aggregates 

were 0.5-1 μm, 40% and 20% were 1-2 μm and 10% were >2 μm in size in both fungicides 

respectively (Figure 3-13, B and D). We conclude that these fungicides produce predominantly 

small and medium sized aggregates (Figures 3-26 and 3-28). 

Imazalil treatment also changed the mitochondrial morphology from a healthy appearance 

seen in negative control-no pesticide treatments, to a round and aggregated appearance. 

Insecticide Induced α-Syn Aggregation 

Three out of the eight insecticides tested showed the ability to induce α-Syn aggregation in 

our experiments.  

Diflubenzuron and pyridaben showed similar patterns. Approximately 80% and 98% of the 

aggregates were 0.5-1 μm, 15% and 2% were 1-2 μm and 5% and 0% were >2 μm in size (Figure 

3-14, A and B). We conclude that these insecticides predominantly produce small aggregates of 

α-Syn protein (Figures 3-29, 3-30). 

Carbaryl showed a different aggregation pattern as compared to the other insecticides. 

Approximately 45% of the aggregates induced were 0.5-1 μm, 35% were 1-2 μm 20% were >2 

μm in size (Figure 3-14 (C). We conclude that these insecticides predominantly produce small 
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and medium aggregates of α-Syn protein but also produce a significant percentage of larger 

aggregates (Figures 3-31). 

Herbicide Induced α-Syn Aggregation 

Three out of the seven herbicides tested showed the ability to induce α-Syn aggregation in 

our experiments.  

2, 4 D isopropylamine salt showed that approximately 85% of the aggregates were 0.5-1 

μm and 15% were 1-2 μm in size (Figure 3-18, A). We conclude that this herbicide induces 

predominantly small aggregates (Figures 3-32). 

Norflurazon showed that approximately 30% of the aggregates were 0.5-1 μm and 65% 

were 1-2 μm in size and 5% were >2 μm in size (Figure 3-15, B). We conclude that this 

herbicide induces predominantly medium sized aggregates (Figures 3-33).  

Herbicide diuron induced the maximum amount of large aggregates of α-Syn protein. 

Approximately 15% of the aggregates were 0.5-1 μm and 45% were 1-2 μm in size and 40% 

were >2 μm in size (Figure 3-15, C) (Figures 3-34). 

Combination-Pesticides Induced α-Syn Aggregation 

In order to observe any changes in the pattern or the ability of α-Syn aggregation induction 

by the 21 orange industry pesticides and to mimic the conditions in the farms where the 

pesticides are sprayed in combinations, we carried out two pesticide combination treatments. 

Here we tested all fungicides, insecticides and herbicides in combinations with a low 

concentration of the most potent inducer of α-Syn aggregation that we found from our 

experiments, diuron. 

Aggregation-Negative Diuron Concentration 

Aggregation negative concentration of diuron was that concentration at which it was 

incapable of inducing α-Syn aggregation in our model. During the individual pesticide treatment 
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experiment, we used 1 μM of the herbicide diuron as the treatment concentration and observed 

the induction of maximal α-Syn aggregation. In order to find the aggregation negative 

concentration of diuron, we treated the differentiated SY5Y cells expressing α-Syn protein at a 

range of diuron concentrations lower that 1 μM i.e. 10 nM, 20 nM, 50 nM, 100 nM and 200 nM 

of diuron. We found this concentration to be 10 nM (Figure 3-40). We used this concentration of 

diuron in the combination treatments of pesticides. 

Combination Treatment of Pesticides 

10 nM of diuron was added to the treatment concentration of all the insecticides, 

fungicides and herbicides (Tables 3-1, 3-2 and 3-3). α-Syn-GFP expressing differentiated SY5Y 

cells were then prepared and treated with these combinations following all the steps similar to 

the individual pesticide treatments. We observed that two insecticides and two herbicides that 

were individually incapable of inducing α-Syn aggregation were now capable of the same. These 

were insecticides-abamectin and sulfur, and herbicides-simazine and glycophosate (Figures 3-35 

to 3-39). These aggregations were quantified and analyzed. 

We observed that the insecticides abamectin and sulfur induced 60% and 70% of 

aggregates between 0.5 to 1 µM and 40% and 30% of aggregates between 1-2 µM in size 

respectively (Figure 3-17).  

Herbicides simazine and glycophosate induced 55% and 95% of aggregates between 0.5 

and 1 µM and 45% and 5% of aggregates between 1-2 µM in size respectively (Figure 3-18). 

We also observed that the herbicide 2,4 D isopropylamine salt that predominantly induced 

aggregates of the size 0.5-1 μm during the individual treatment now induced approximately 60% 

1-2 μm and 40% 0.5-1 μm sized aggregates respectively, during the combination treatment 

experiment as seen in Figure 3-35. Quantification of the increased the aggregates‟ size can be 

seen in Figure 3-18 (A) 
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We observed that all the herbicides that were able to induce α-Syn aggregations could also 

cause the change in the mitochondrial morphology from the normal appearence seen in negative 

control-no pesticide treatments, to a round and aggregated appearance.  

The rest of the pesticides from Tables 3-1, 3-2 and 3-2 were unable to induce aggregation 

both during the individual treatments and the combination treatments of pesticides. 

Pesticides Incapable of Inducing α-Syn Aggregation 

There were 7 pesticides from the 21 that we tested that did not induce α-Syn aggregation in 

our assay. The expression of α-Syn observed due to these treatments was predominantly diffuse 

throughout the cell. We have shown a representative cell after a 24 hr treatment with an α-Syn 

aggregation non-inducing herbicide, Bromacil (Figure 3-41). We analyzed the α-Syn expression 

due to these treatments and it showed similar pattern in all the pesticides incapable of inducing 

α-Syn aggregation (Figure 3-16).  
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Figure 3-1. Morphological changes during differentiation of SY5Y cells 

 
 

Figure 3-2. Q PCR data: Tyrosine Hydroxylase gene expression analysis. Statistical significance 

„p‟ compared to gene expressions between two adjacent days. * p>0.05, ** 

0.005<p<0.05, *** p<0.005 

         Day 0                           Day 2                         Day 4                          Day 6 

           Day 7 
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Figure 3-3. Q PCR data: „tau‟ gene expression analysis. Statistical significance „p‟ compared to 

gene expressions between two adjacent days. * p>0.05, ** 0.005<p<0.05, *** 

p<0.005 



 

45 

 

 
 

Figure 3-4. Cell viability data from 24 hr treatments of differentiated SY5Y cells with positive 

control environmental neurotoxins. Statistical significance „p‟ compared to no 

pesticide treatment (0 µM concentration). * p>0.05, ** 0.005<p<0.05, *** p<0.005 

 

 
 

Figure 3-5. Cell viability data from 24 hr treatments of differentiated SY5Y cells with fungicides 

used in orange industry. Statistical significance „p‟ compared to no pesticide 

treatment (No drugs). * p>0.05, ** 0.005<p<0.05, *** p<0.005 
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Figure 3-6. Cell viability data from 24 hr treatments of differentiated SY5Y cells with fungicides 

used in orange industry. Statistical significance „p‟ compared to no pesticide 

treatment (No drugs). * p>0.05, ** 0.005<p<0.05, *** p<0.005 

 

 
 

Figure 3-7. Cell viability data from 24 hr treatments of differentiated SY5Y cells with 

insecticides used in orange industry. Statistical significance „p‟ compared to no 

pesticide treatment (No drugs). * p>0.05, ** 0.005<p<0.05, *** p<0.005 
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Figure 3-8. Cell viability data from 24 hr treatments of differentiated SY5Y cells with 

insecticides used in orange industry. Statistical significance „p‟ compared to no 

pesticide treatment (No drugs). * p>0.05, ** 0.005<p<0.05, *** p<0.005 

 

 
 

Figure 3-9. Cell viability data from 24 hr treatments of differentiated SY5Y cells with herbicides 

used in orange industry. Statistical significance „p‟ compared to no pesticide 

treatment (No drugs). * p>0.05, ** 0.005<p<0.05, *** p<0.005 
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Figure 3-10. Cell viability data from 24 hr treatments of differentiated SY5Y cells with 

herbicides used in orange industry. Statistical significance „p‟ compared to no 

pesticide treatment (No drugs). * p>0.05, ** 0.005<p<0.05, *** p<0.005 

 

Table 3-1. Fungicides of Florida‟s orange industry screened for induction of α-Syn aggregation 

Pesticide Family Solubility Concentration 

to be tested 

(μM) 

Mefenoxam Xylylalanine 

family 

Water 0.1 

Copper sulfate Unknown Water 1 

Azoxystrobin Methoxyacrylate 

compound 

(Family) 

Acetone 0.1 

Copper 

Hydroxide 

Unknown Water 1 

Sodium 

phenylphenate 

Phenol Family DMSO 0.1 

Thiabendazole Benzimidazole 

Fungicides 

Family 

Acetone 1 

Imazalil Azole family Water 0.1 
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Table 3-2. Herbicides of Florida‟s orange industry screened for induction of α-Syn aggregation 

Pesticide Family Solubility Concentration to 

be tested (µM) 

Paraquat Bipyridylium 

family 

Water 0.5 

2,4 D, 

isopropylamine 

salt 

Cholorphenoxy 

acid or ester 

Water 10 

Bromacil Uracil family Water 1 

Norflurazon Fluorinated 

Pyridazinone 

Family 

Acetone 0.1 

Simazine s-triazine 

herbicides family 

Acetone 1 

Diuron Substituted urea 

family 

Acetone 1 

Glyphosate Glycophosphate 

family 

Water 1 

 

Table 3-3. Insecticides of Florida‟s orange industry screened for induction of α-Syn aggregation 

Pesticide Family Solubility Concentration 

to be tested 

(μM) 

Abamectin Avermectin 

Family 

Acetone 0.1 

Diflubenzuron Substituted urea 

Family 

Water 1 

Pyridaben Pyridazinone 

family 

Acetone 1 

Fenbutatin oxide Organotin family Acetone 0.1 

Sulfur Unknown Acetone 1 

Carbaryl Carbamate family Water 0.1 

Aldicarb Carbamate ester 

family 

Water 1 

Chlorpyrifos Organophosphates 

family 

Water 1 



 

50 

 

Figure 3-11. α-Syn aggregation analysis; 24 hr Negative control- NO Pesticides treatment 

 

 
 

Figure 3-12. α-Syn aggregation analysis; 24 hr Positive control environmental neurotoxins‟ 

treatment-A) Rotenone B) Paraquat C) Dieldrin D) MPP+  
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Figure 3-13. α-Syn aggregation analysis; 24 hr Fungicides‟ treatment-A) Mefonoxam B) 

Azoxystrobin C) Thiabendazole D) Imazalil 
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Figure 3-14. α-Syn aggregation analysis; 24 hr insecticides‟ treatment-A) Diflubenzuron B) 

Pyridaben C) Carbaryl 
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Figure 3-15. α-Syn aggregation analysis; 24 hr herbicides‟ treatment-A) 2,4 D B) Norflurazon C) 

Diuron 

 
Figure 3-16. α-Syn aggregation non inducing herbicides; 24 hr treatment- 
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Figure 3-17. Combination-pesticide treatment induced α-Syn aggregation analysis; 24 hr 

treatment-A) Insecticide abamectin + herbicide diuron B) Insecticide Sulfur + 

herbicide diuron 

 

 
 

Figure 3-18. Combination-pesticide treatment induced α-Syn aggregation analysis; 24 hr 

treatment-A) Herbicide 2, 4 D + diuron B) Herbicide Simazine + diuron C) Herbicide 

Glycophosate + diuron 
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Figure 3-19. Negative control – No pesticide treatment on cells for 24 hrs; Cell 1 

 

 
 

Figure 3-20. Negative control – No pesticide treatment on cells for 24 hrs; Cell 2 

 

 
 

Figure 3-21. Rotenone induced α-Syn aggregation  

 Synuclein-GFP                    MitoTracker®                      DAPI                         Merged 

 Synuclein-GFP                    MitoTracker®                      DAPI                         Merged 

 Synuclein-GFP                    MitoTracker®                      DAPI                         Merged 
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Figure 3-22. Paraquat induced α-Syn aggregation 

 

 
 

Figure 3-23. Dieldrin induced α-Syn aggregation 

 

 
 

Figure 3-24. MPP+ induced α-Syn aggregation 

 Synuclein-GFP                    MitoTracker®                      DAPI                         Merged 

  Synuclein-GFP                    MitoTracker®                      DAPI                         Merged 

 Synuclein-GFP                    MitoTracker®                      DAPI                         Merged 
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Figure 3-25. Fungicide mefonoxam induced α-Syn aggregation 

 

 
 

Figure 3-26. Fungicide azoxystrobin induced α-Syn aggregation 

 

 
 

Figure 3-27. Fungicide Thiabendazole induced α-Syn aggregation 

   Synuclein-GFP                 MitoTracker®                      DAPI                         Merged 

    Synuclein-GFP             MitoTracker®               DAPI                     Merged 

  Synuclein-GFP              MitoTracker®                   DAPI                         Merged 
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Figure 3-28. Fungicide Imazalil induced α-Syn aggregation 

 

 
 

Figure 3-29. Insecticide Diflubenzuron induced α-Syn aggregation 

 

 
 

Figure 3-30. Insecticide Pyridaben induced α-Syn aggregation 

 Synuclein-GFP              MitoTracker®                      DAPI                         Merged 

   Synuclein-GFP                  MitoTracker®                     DAPI                         Merged 

    Synuclein-GFP             MitoTracker®                      DAPI                        Merged 
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Figure 3-31. Insecticide Carbaryl induced α-Syn aggregation 

 

 
 

Figure 3-32. Herbicide 2, 4 D induced α-Syn aggregation 

 

     
 

Figure 3-33. Herbicide Norflurazon induced α-Syn aggregation 

    Synuclein-GFP            MitoTracker®                     DAPI                         Merged 

 Synuclein-GFP                    MitoTracker®                      DAPI                         Merged 

   Synuclein-GFP               MitoTracker®                      DAPI                         Merged 
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Figure 3-34. Herbicide Diuron induced α-Syn aggregation 

 

 
 

Figure 3-35. Herbicide 2, 4 D + Diuron combination induced α-Syn aggregation 

 

 
 

Figure 3-36. Herbicide Simazine + Diuron combination induced α-Syn aggregation 

 

 Synuclein-GFP               MitoTracker®                      DAPI                         Merged 

    Synuclein-GFP               MitoTracker®                      DAPI                         Merged 

  Synuclein-GFP                    MitoTracker®                      DAPI                         Merged 
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Figure 3-37. Herbicide Glycophosate + Diuron combination induced α-Syn aggregation 

 

 
 

Figure 3-38. Insecticide Abamectin + Diuron combination induced α-Syn aggregation 

 

 
 

Figure 3-39. Insecticide Sulfur + Diuron combination induced α-Syn aggregation 

  Synuclein-GFP           MitoTracker®                   DAPI                      Merged 

  Synuclein-GFP           MitoTracker®                   DAPI                         Merged 

  Synuclein-GFP            MitoTracker®                    DAPI                           Merged 
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Figure 3-40. Herbicide Diuron 10 nM treatment unable to induce α-Syn aggregation 

 

 
 

Figure 3-41. Herbicides incapable of inducing α-Syn aggregation 

 

   Synuclein-GFP           MitoTracker®                   DAPI                         Merged 

   Synuclein-GFP              MitoTracker®                       DAPI                             Merged 
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CHAPTER 5 

DISCUSSION 

PD is a complex neurodegenerative disorder with multiple etiologies. Environmental 

neurotoxins are the latest addition to the list of causative agents proposed for PD. One of the 

most important connections between environmental neurotoxins and PD pathogenesis was found 

to be α-Syn aggregation. Cytosolic aggregates of this synaptic protein in the dopaminergic 

neurons are a characteristic feature of PD pathogenesis (28-31).The rationale behind our work 

was to use this connection in developing a model to screen environmental neurotoxins to report 

their prospective role in α-Syn aggregation. Epidemiological surveys have consistently linked 

rural living and the agricultural industry with increased risk of PD, raising questions about the 

possible relation between specific environmental factors and PD (67). Pesticides from different 

chemical families like organochlorides (e.g. dieldrin), complex ketones (e.g. rotenone) and 

quarternary ammonium herbicides (e.g. paraquat) have all been reported to induce α-Syn 

aggregation and PD-like symptoms in various animal models (4,68). This made us wonder if 

pesticides from other families might also be capable of inducing α-Syn aggregation. Given that 

this work was partly funded by a family of orange farmers with high prevalence of PD cases, we 

wanted to determine if the most common pesticides used in the orange industry of Florida could 

induce α-Syn aggregation, which would in turn explain the high incidence of PD among 

individuals exposed to these environmental toxins. 

PD specifically targets dopaminergic neurons of the brain, which show characteristic 

protein inclusions containing α-Syn. As our aim was to observe the changes in the distribution of 

the protein α-Syn with a GFP tag for fluorescence imaging, we wanted to use a simple cell 

culture model that could be differentiated to exhibit dopaminergic neuron-like characteristics. 

The SK-N-SH derived SH-SY5Y human neuroblastoma cells were best suited for this as it was 
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evident from previous studies that this cell line showed neuronal characteristics upon 

differentiation with retinoic acid (65). Upon transfection with the α-Syn-GFP cDNA and 

differentiation for seven days using the combined effect of reduction of FBS and addition of 

retinoic acid, our model showed high sensitivity to different types of α-Syn aggregation inducers. 

The first evidence for this high sensitivity was that the positive control pesticides (rotenone, 

paraquat, dieldrin and MPP+) induced different patterns of α-Syn aggregation according to 

diameters of the aggregates.  

From the individual treatments of the most commonly used orange industry pesticides of 

Florida, we saw that 10 out of the 21 pesticides tested positive for α-Syn aggregation. The fact 

more than 50% of the pesticides tested caused one of the pathological hallmarks of PD was very 

interesting and somewhat surprising. This finding demonstrated that pesticides from other 

biochemical families could also induce α-Syn aggregation. One of the main reasons which we 

considered responsible for this large number of positives was that we tested a collection of very 

effective pesticides. Many pesticides inhibit regular cell function by mitochondrial and 

proteosomal damage and it is not surprising that they are toxic to humans. The other possible 

factor was that our system consisted of a cell culture over expressing α-Syn protein which made 

it not very surprising that it behaved really sensitive to specific small changes in its environment 

to cause α-Syn aggregation.  

In order to mimic the process of pesticide usage in the farms and therefore the presence of 

these pesticides in these environments, we wanted to carry out combination treatments of the 

pesticides. We treated the differentiated SY5Y cells with combinations of all 20 pesticides with a 

small concentration of the most potent α-Syn aggregation inducer, the herbicide diuron. The 

effectiveness of diuron as a herbicide has also made farmers from various agricultural industries 
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to use it in many combinations with other pesticides. From these experiments, we reported four 

more pesticides (two insecticides and two herbicides) that could induce α-Syn aggregation and 

one herbicide that induced larger α-Syn aggregates. These experiments gave us a count of 14 

orange industry pesticides out of 21 tested that could be linked to α-Syn aggregation. 

Although the mechanism of dopaminergic neuronal cell death in PD is still unclear, 

oxidative stress and mitochondrial dysfunction are known to occur in PD-affected brains (69-71). 

Evidences like enhanced mitochondrial pathology in the substantia nigra of the α-Syn transgenic 

mice and occurrence of abnormally swollen and rounded morphology of mitochondria in PD 

affected human brains have confirmed the mitochondrial damage during PD (72-74). To 

visualize morphological changes in mitochondria, we immunostained the differentiated SY5Y 

cells expressing α-Syn-GFP with a mitochondrial stain. We observed that out of the 21 orange 

industry pesticides tested, all the herbicides and one fungicide inducing α-Syn aggregation could 

induce a swollen and rounded appearance of mitochondria. It would be very interesting to 

answer the important question of whether these pesticides have the capability of causing 

mitochondrial damage owing to their biochemical structures, free radical production etc., by 

future studies. 

Expanding the list of pesticides that can induce α-Syn aggregation is very significant for 

better understanding of the link of PD to rural living and agricultural activity. However, the 

evidence collected in the cell culture model needs to be replicated in vivo. It is important thus, 

that all the reported pesticides from this study be further tested with rodent models for their 

ability to induce classic PD symptoms. The findings from our work have been so promising that 

we believe that our assay should be used to evaluate different combinations of pesticides as well 

as other environmental toxins encountered in environments such as agricultural and metallurgic 
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industries and rural living. We see our work as an important step in explaining the role of 

pesticide exposure in rural sporadic occurrences of the most common movement disorder in the 

world, PD. 
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APPENDIX A 

α-SYN AGGREGATION INDUCING PESTICIDES 

Table A-1.  α-Syn Aggregation Inducing Pesticides 

Pesticide Molecular 

formula 

Structure 

Paraquat C12H14N2 

 

2,4 D, 

isopropylamine 

salt 

C11H15Cl2NO3 

 

 

 

 
 

Norflurazon C12H9ClF3N3O 

 

 

 

 

 

 

 

 

 

 

Diuron C9H10Cl2N2O 

 

 

 

 

 

Simazine C7H12ClN5 

 

 

 

 

 

 

 

Glyphosate C3H8NO5P 

 

 

 

 

 

 

 



 

68 

Table A-1. Continued 

Pesticide Molecular 

formula 

Structure 

Abamectin C48H72O14 

 

 

 

 

 

 

 

 

 

 

 

 

 

Diflubenzuron C14H9ClF2N2O2 

 

 

 

 

 

 
 

Pyridaben C19H25ClN2OS 

 
Sulfur S8 

 

 

 

 

 

 

 

 

 

Carbaryl C12H11NO2 
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Table A-1. Continued 

Pesticide Molecular 

formula 

Structure 

Mefonoxam C15H21NO4 

 

 

 

 

 

  

Azoxystrobin C22H17N3O5 

 

 

 

 

 

 

  
Thiabendazole C10H7N3S 

 

 

 

 
 

Imazalil C14H14Cl2N2O 

 

 

 

 
 

Rotenone C23H24O6 

 
Dieldrin C12H8Cl6O 
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Table A-1. Continued 

Pesticide Molecular 

formula 

Structure 

MPP+ C12H12IN 
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APPENDIX B 

α-SYN AGGREGATION NON-INDUCING PESTICIDES 

Table B-1.  α-Syn Aggregation Non-Inducing Pesticides 

Pesticide Molecular 

formula 

Molecular Structure 

Bromacil C9H13BrN2O2 

 

 

 

 

  

Fenbutatin 

oxide 

C60H78OSn2 

 
 

Aldicarb C7H14N2O2S 

 
Chlorpyrifos C9H11Cl3NO3PS 

 
Copper 

Sulfate 

CuSO4 

 
 

Copper 

Hydroxide 

CuH2O2  
 

Sodium 

Phenylphenate 

C12H9NaO 

 
 



 

72 

LIST OF REFERENCES 

1. Parkinson, J. (2002) J Neuropsychiatry Clin Neurosci 14, 223-236; discussion 222 

2. Schapira, A. H. (2009) Trends Pharmacol Sci 30, 41-47 

3. Shulman, J. M., De Jager, P. L., and Feany, M. B. Annu Rev Pathol 6, 193-222 

4. Dauer, W., and Przedborski, S. (2003) Neuron 39, 889-909 

5. Magerkurth, C., Schnitzer, R., and Braune, S. (2005) Clin Auton Res 15, 76-82 

6. Chaudhuri, K. R., Healy, D. G., and Schapira, A. H. (2006) Lancet Neurol 5, 235-245 

7. Sveinbjornsdottir, S., Hicks, A. A., Jonsson, T., Petursson, H., Gugmundsson, G., Frigge, 

M. L., Kong, A., Gulcher, J. R., and Stefansson, K. (2000) N Engl J Med 343, 1765-1770 

8. Marder, K., Levy, G., Louis, E. D., Mejia-Santana, H., Cote, L., Andrews, H., Harris, J., 

Waters, C., Ford, B., Frucht, S., Fahn, S., and Ottman, R. (2003) Ann Neurol 54, 507-513 

9. Lesage, S., and Brice, A. (2009) Hum Mol Genet 18, R48-59 

10. Horowitz, M. P., and Greenamyre, J. T. Clin Pharmacol Ther 88, 467-474 

11. Hardy, J. Neuron 68, 201-206 

12. Gasser, T. (2009) Expert Rev Mol Med 11, e22 

13. Wood-Kaczmar, A., Gandhi, S., and Wood, N. W. (2006) Trends Mol Med 12, 521-528 

14. Maroteaux, L., Campanelli, J. T., and Scheller, R. H. (1988) J Neurosci 8, 2804-2815 

15. Weinreb, P. H., Zhen, W., Poon, A. W., Conway, K. A., and Lansbury, P. T., Jr. (1996) 

Biochemistry 35, 13709-13715 

16. Uversky, V. N., Li, J., and Fink, A. L. (2001) FEBS Lett 500, 105-108 

17. El-Agnaf, O. M., Jakes, R., Curran, M. D., and Wallace, A. (1998) FEBS Lett 440, 67-70 

18. Conway, K. A., Harper, J. D., and Lansbury, P. T. (1998) Nat Med 4, 1318-1320 

19. Spillantini, M. G., Crowther, R. A., Jakes, R., Hasegawa, M., and Goedert, M. (1998) Proc 

Natl Acad Sci U S A 95, 6469-6473 

20. Giasson, B. I., Uryu, K., Trojanowski, J. Q., and Lee, V. M. (1999) J Biol Chem 274, 

7619-7622 

21. Hashimoto, M., Hsu, L. J., Sisk, A., Xia, Y., Takeda, A., Sundsmo, M., and Masliah, E. 

(1998) Brain Res 799, 301-306 



 

73 

22. Narhi, L., Wood, S. J., Steavenson, S., Jiang, Y., Wu, G. M., Anafi, D., Kaufman, S. A., 

Martin, F., Sitney, K., Denis, P., Louis, J. C., Wypych, J., Biere, A. L., and Citron, M. 

(1999) J Biol Chem 274, 9843-9846 

23. Bennett, M. C. (2005) Pharmacol Ther 105, 311-331 

24. Li, J., Uversky, V. N., and Fink, A. L. (2001) Biochemistry 40, 11604-11613 

25. Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A., Pike, B., 

Root, H., Rubenstein, J., Boyer, R., Stenroos, E. S., Chandrasekharappa, S., 

Athanassiadou, A., Papapetropoulos, T., Johnson, W. G., Lazzarini, A. M., Duvoisin, R. 

C., Di Iorio, G., Golbe, L. I., and Nussbaum, R. L. (1997) Science 276, 2045-2047 

26. Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Graeber, M., Kosel, S., Przuntek, H., 

Epplen, J. T., Schols, L., and Riess, O. (1998) Nat Genet 18, 106-108 

27. Yamada, M., Iwatsubo, T., Mizuno, Y., and Mochizuki, H. (2004) J Neurochem 91, 451-

461 

28. Schwach, G., Tschemmernegg, M., Pfragner, R., Ingolic, E., Schreiner, E., and Windisch, 

M. J Mol Neurosci 41, 80-88 

29. Payton, J. E., Perrin, R. J., Clayton, D. F., and George, J. M. (2001) Brain Res Mol Brain 

Res 95, 138-145 

30. Yuan, Y., Jin, J., Yang, B., Zhang, W., Hu, J., Zhang, Y., and Chen, N. H. (2008) Cell Mol 

Neurobiol 28, 21-33 

31. Yamakawa, K., Izumi, Y., Takeuchi, H., Yamamoto, N., Kume, T., Akaike, A., Takahashi, 

R., Shimohama, S., and Sawada, H. Biochem Biophys Res Commun 391, 129-134 

32. Lindersson, E., Lundvig, D., Petersen, C., Madsen, P., Nyengaard, J. R., Hojrup, P., Moos, 

T., Otzen, D., Gai, W. P., Blumbergs, P. C., and Jensen, P. H. (2005) J Biol Chem 280, 

5703-5715 

33. Kragh, C. L., Lund, L. B., Febbraro, F., Hansen, H. D., Gai, W. P., El-Agnaf, O., Richter-

Landsberg, C., and Jensen, P. H. (2009) J Biol Chem 284, 10211-10222 

34. Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J., Hulihan, 

M., Peuralinna, T., Dutra, A., Nussbaum, R., Lincoln, S., Crawley, A., Hanson, M., 

Maraganore, D., Adler, C., Cookson, M. R., Muenter, M., Baptista, M., Miller, D., 

Blancato, J., Hardy, J., and Gwinn-Hardy, K. (2003) Science 302, 841 

35. Singleton, A., Gwinn-Hardy, K., Sharabi, Y., Li, S. T., Holmes, C., Dendi, R., Hardy, J., 

Crawley, A., and Goldstein, D. S. (2004) Brain 127, 768-772 



 

74 

36. Zarranz, J. J., Alegre, J., Gomez-Esteban, J. C., Lezcano, E., Ros, R., Ampuero, I., Vidal, 

L., Hoenicka, J., Rodriguez, O., Atares, B., Llorens, V., Gomez Tortosa, E., del Ser, T., 

Munoz, D. G., and de Yebenes, J. G. (2004) Ann Neurol 55, 164-173 

37. Sun, F., Kanthasamy, A., Anantharam, V., and Kanthasamy, A. G. (2007) Pharmacol Ther 

114, 327-344 

38. Warner, T. T., and Schapira, A. H. V.  

39. Tanner, C. M. (2003) Adv Neurol 91, 133-142 

40. Di Monte, D. A., Lavasani, M., and Manning-Bog, A. B. (2002) Neurotoxicology 23, 487-

502 

41. Priyadarshi, A., Khuder, S. A., Schaub, E. A., and Shrivastava, S. (2000) Neurotoxicology 

21, 435-440 

42. Bove, J., Prou, D., Perier, C., and Przedborski, S. (2005) NeuroRx 2, 484-494 

43. von Bohlen und Halbach, O., Schober, A., and Krieglstein, K. (2004) Prog Neurobiol 73, 

151-177 

44. Betarbet, R., Sherer, T. B., MacKenzie, G., Garcia-Osuna, M., Panov, A. V., and 

Greenamyre, J. T. (2000) Nat Neurosci 3, 1301-1306 

45. Sherer, T. B., Kim, J. H., Betarbet, R., and Greenamyre, J. T. (2003) Exp Neurol 179, 9-16 

46. Vance, J. M., Ali, S., Bradley, W. G., Singer, C., and Di Monte, D. A. NeuroToxicology 

31, 598-602 

47. Monte, D. A. D. (2003) The Lancet Neurology 2, 531-538 

48. Chiueh, C. C., Markey, S. P., Burns, R. S., Johannessen, J. N., Jacobowitz, D. M., and 

Kopin, I. J. (1984) Psychopharmacol Bull 20, 548-553 

49. Kopin, I. J., and Markey, S. P. (1988) Annu Rev Neurosci 11, 81-96 

50. Langston, J. W., and Irwin, I. (1986) Clin Neuropharmacol 9, 485-507 

51. Przedborski, S., Jackson-Lewis, V., Naini, A. B., Jakowec, M., Petzinger, G., Miller, R., 

and Akram, M. (2001) J Neurochem 76, 1265-1274 

52. Schmidt, N., and Ferger, B. (2001) J Neural Transm 108, 1263-1282 

53. Anderson, G., Noorian, A. R., Taylor, G., Anitha, M., Bernhard, D., Srinivasan, S., and 

Greene, J. G. (2007) Exp Neurol 207, 4-12 

54. Di Monte, D., Sandy, M. S., Ekstrom, G., and Smith, M. T. (1986) Biochem Biophys Res 

Commun 137, 303-309 



 

75 

55. Brooks, A. I., Chadwick, C. A., Gelbard, H. A., Cory-Slechta, D. A., and Federoff, H. J. 

(1999) Brain Res 823, 1-10 

56. Manning-Bog, A. B., McCormack, A. L., Li, J., Uversky, V. N., Fink, A. L., and Di 

Monte, D. A. (2002) J Biol Chem 277, 1641-1644 

57. Heinz, G. H., Hill, E. F., and Contrera, J. F. (1980) Toxicol Appl Pharmacol 53, 75-82 

58. Sharma, R. P., Winn, D. S., and Low, J. B. (1976) Arch Environ Contam Toxicol 5, 43-53 

59. Wagner, S. R., and Greene, F. E. (1978) Toxicol Appl Pharmacol 43, 45-55 

60. Liu, B., Gao, H. M., and Hong, J. S. (2003) Environ Health Perspect 111, 1065-1073 

61. Corrigan, F. M., Wienburg, C. L., Shore, R. F., Daniel, S. E., and Mann, D. (2000) J 

Toxicol Environ Health A 59, 229-234 

62. Fleming, L., Mann, J. B., Bean, J., Briggle, T., and Sanchez-Ramos, J. R. (1994) Ann 

Neurol 36, 100-103 

63. Sanchez-Ramos, J., Facca, A., Basit, A., and Song, S. (1998) Exp Neurol 150, 263-271 

64. Kitazawa, M., Anantharam, V., and Kanthasamy, A. G. (2001) Free Radic Biol Med 31, 

1473-1485 

65. Lopes, F. M., Schroder, R., da Frota, M. L., Jr., Zanotto-Filho, A., Muller, C. B., Pires, A. 

S., Meurer, R. T., Colpo, G. D., Gelain, D. P., Kapczinski, F., Moreira, J. C., Fernandes 

Mda, C., and Klamt, F. Brain Res 1337, 85-94 

66. Crews, L., Mizuno, H., Desplats, P., Rockenstein, E., Adame, A., Patrick, C., Winner, B., 

Winkler, J., and Masliah, E. (2008) J Neurosci 28, 4250-4260 

67. Parron, T., Requena, M., Hernandez, A. F., and Alarcon, R. Toxicol Appl Pharmacol  

68. Hisahara, S., and Shimohama, S. Parkinsons Dis 2011, 951709 

69. Shavali, S., Brown-Borg, H. M., Ebadi, M., and Porter, J. (2008) Neurosci Lett 439, 125-

128 

70. Przedborski, S. (2005) Parkinsonism Relat Disord 11 Suppl 1, S3-7 

71. Schapira, A. H., Mann, V. M., Cooper, J. M., Dexter, D., Daniel, S. E., Jenner, P., Clark, J. 

B., and Marsden, C. D. (1990) J Neurochem 55, 2142-2145 

72. Dauer, W., Kholodilov, N., Vila, M., Trillat, A. C., Goodchild, R., Larsen, K. E., Staal, R., 

Tieu, K., Schmitz, Y., Yuan, C. A., Rocha, M., Jackson-Lewis, V., Hersch, S., Sulzer, D., 

Przedborski, S., Burke, R., and Hen, R. (2002) Proc Natl Acad Sci U S A 99, 14524-14529 



 

76 

73. Song, D. D., Shults, C. W., Sisk, A., Rockenstein, E., and Masliah, E. (2004) Exp Neurol 

186, 158-172 

74. Trimmer, P. A., Swerdlow, R. H., Parks, J. K., Keeney, P., Bennett, J. P., Jr., Miller, S. W., 

Davis, R. E., and Parker, W. D., Jr. (2000) Exp Neurol 162, 37-50 

 



 

77 

BIOGRAPHICAL SKETCH 

Born in Tamil Nadu, India, Giridhar Murlidharan did his schooling in New Delhi but 

SASTRA University beckoned him back to Tamil Nadu for his B.Tech (Engineering) in 

Biotechnology. He had the privilege of doing short term projects at two of the prestigious 

institutes in India, All India Institute of Medical Sciences, New Delhi and Indian Institute of 

Technology, New Delhi as a part of his B.Tech curriculum. He wistfully recalls his two-year MS 

in biomedical engineering, UF starting from fall 2009 as the best period in his career thus far. 

About to complete his MS thesis work at the Fernandez-Funez and Rincon-Limas laboratory, 

Department of Neurology, UF, he is embarking on his PhD-Biological and Biomedical Sciences 

interdisciplinary program starting fall 2011 at University of North Carolina, Chapel Hill. While 

genetics and molecular biology have been his areas of research interest, he is an avid sports fan 

and plays cricket, basketball and volleyball and besides being a playstation buff, he is extremely 

fond of music. 

 

 

 

 

 

 

 

 

 

 

 




