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ABSTRACT OF THE THESIS 

 

 

Neurotoxicity of the Parkinson’s Disease-Associated Pesticide  

  Ziram is Synuclein Dependent 

 

by 

 

Aaron Lulla 

Doctor of Philosophy in Molecular Toxicology 

University of California, Los Angeles, 2016 

Professor Jeff Bronstein, Chair 

 

Parkinson’s disease (PD) is the second most common neurodegenerative disease, 

affecting seven to ten million people worldwide. Familial forms of PD account for 5-10% 

of all PD cases suggesting that other factors such as the environment have a role in the 

development of sporadic cases of PD. Epidemiological studies have indicated that 

exposure to pesticides increases the risk for PD. Ziram, a dithiocarbamate fungicide 

commonly used in California, increases the risk of PD for individuals living and working 

in areas where the pesticide is sprayed. Ziram has previously been found in vitro to 

cause selective dopaminergic cell toxicity, inhibition of the ubiquitin proteasome system 

(UPS), and increased α-synuclein (α-syn) levels in primary neuronal cultures. In this 

dissertation we utilize zebrafish embryos (ZF, Danio rerio) to study ziram in an in vivo 

system and to determine if ziram’s toxicity is mediated via synuclein.  

We found that ziram is toxic to ZF at nanomolar concentrations and caused selective 
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loss of dopaminergic (DA) neurons and impaired swimming behavior in ZF. Since ziram 

increases α-syn concentrations in rat primary neuronal cultures, we investigated the 

effect of ziram on ZF γ-synuclein 1 (γ1). ZF express 3 synuclein isoforms and ZF γ1 

appears to be a functional homologue of α-syn. We found that recombinant ZF γ1 

formed fibrils in vitro and overexpression of ZF γ1 in ZF embryos led to the formation of 

neuronal aggregates and neurotoxicity similarly to α-syn. Importantly, knockdown of ZF 

γ1 with morpholinos or disruption of oligomers with the molecular tweezer CLR01 

protected against ziram’s DA toxicity. 

Over the course of this dissertation we have demonstrated that ziram is selectively toxic 

to DA neurons in vivo and that its toxicity is synuclein-dependent. These findings provide 

potentially important mechanistic implications on how ziram and possibly other 

environmental toxins can contribute to the pathogenesis of neurodegenerative disorders 

such as PD. 
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Chapter 1 
 

Introduction 
 
Parkinson’s disease (PD) was first characterized clinically by Dr. James Parkinson in 

1817 as “Shaking Palsy” (Parkinson 2002), and has since been further characterized 

clinically, pathologically, and genetically. Today, PD is the second most common 

neurodegenerative disorder behind Alzheimer’s disease, and it affects an estimated 5 

million individuals world wide (Van Den Eeden et al. 2003), a number that is expected to 

double by 2030 (Dorsey et al. 2007). Our understanding of PD has allowed for the 

advancement of clinical care for patients, but no cure nor clear understanding of the 

causes of PD exists. Through this dissertation, I seek to identify and elucidate the role of 

environmental factors on the development of PD, and to understand the mechanisms of 

toxicities of these compounds, to help further our understanding of its etiology.  

 

Clinical Features 

Dr. James Parkinson first described PD in 1817, as “Shaking Palsy, the 

involuntary tremulous motion, with lessened muscular power, in parts not in action and 

even when supported; with a propensity to bend the trunk forwards, and to pass from a 

walking to a running pace: the sense and intellects being uninjured.” (Parkinson 2002). 

Today, there are six clinical features of Parkinsonism of the common form, 1. Resting 

tremor, 2. Bradykinesia, 3. Rigidity, 4. Postural instability, 5. Flexed posture, and 6. 

Freezing (Jankovic 2008).  

Resting tremor is a common symptom of PD that is characterized by supination 

pronation “pill rolling”. During sleep and action, the resting tremor disappears. The 

number of patients with resting tremor has varied from study to study. One study found 

that 75% of patients have had resting tremor at some point during the course of the 
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disease (Hughes et al. 1993). In some patients an essential tremor has been identified 

prior to the diagnosis of PD, and maybe a risk factor for PD (Shahed and Jankovic 

2007).  

Bradykinesia is a clinical feature of PD that is characterized by slowness of 

movement. Patients with PD have a slower reaction time that worsens with progression 

of the disease, although it has been suggested that this maybe attributed to slowness for 

executing motor commands. Slowness of movement is likely attributed to muscle 

weakness, tremor, and rigidity, but the principal cause is insufficient recruitment of 

muscle force (Berardelli et al. 2001), likely due to effects on the basal ganglia during the 

course of the disease.  

Rigidity is one of the earliest manifestations of PD, specifically pain in the 

shoulder and is characterized by increased resistance in movement of limbs (Jankovic 

2008).  

Postural instability is often seen in the late stages of PD, and is the most 

common cause of falls in patients. This clinical feature is characterized by 

instability/impairment of balance, a feature that can be tested using the pull test. During 

the pull test a patient is pulled forward or backward by the shoulders, and the number of 

steps taken is measured. Absence of a response, or more than two steps backwards are 

indicative of an abnormal postural response (Jankovic 2008).  

Freezing is characterized by loss of movement (akinesia), but is not seen in all 

patients. There are various forms of freezing including, start hesitation, turn hesitation, 

and open space hesitation. For most patients with freezing, the legs are affected while 

walking, but the arms and eyelids may also be affected (Jankovic 2008). Risk factors for 

freezing include rigidity, bradykineasia, postural instability, and age of onset. To 

overcome freezing, patients can use tricks such as marching to command, stepping over 

objects, or walking to music (Jankovic 2008).  
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Pathology  

PD is characterized by the loss of dopaminergic neurons in the substantia nigra 

pars compacta (SN). The SN is located in the midbrain and is part of the basal ganglia. 

The SN is characterized by a darkened area of the basal ganglia due to the presence of 

neuromelanin and is composed of two parts, the pars compacta and pars reticulata. The 

pars reticulata along with the globus pallidus serves as the main output for the basal 

ganglia (Deniau et al. 2007). The pars compacta’s role in behavior and movement 

appears to be complex. It is the site of a large population of dopaminergic neurons which 

are involved in behavior, addiction, and motor activity (Hodge and Butcher 1980); more 

specifically fine motor movements (Pioli et al. 2008). During the course of PD, 

dopaminergic neurons are lost in the SN, although the cause of this loss is not well 

understood.  

The pathological hallmark of PD is the Lewy body. These neuronal inclusions are 

found in neurons of the SN, locus coeruleus, dorsal vagal nucleus, and in several other 

areas in the brain (Gibb and Lees 1988). Lewy bodies are eosinophilic intracytoplasmic 

inclusions, characterized by a round shape surrounded by a halo. The primary structural 

component of the Lewy body and Lewy neurite is the synaptic protein, α-synuclein (α-

syn) (Spillantini et al. 1997; Spillantini et al. 1998), but more than 70 other molecules 

have been identified including tau, synphilin, and components of the ubiquitin 

proteasome system (Olanow et al. 2004; Wakabayashi et al. 2007). The presence of 

Lewy bodies has been associated with an increase in neurodegeneration specifically in 

the SN (Gibb and Lees 1988) but more recently, in other regions of the nervous system 

(see below). Additionally, Lewy neurites, which are found early in the disease process, 

have been found to disrupt axonal transport function and may affect survival (Volpicelli-

Daley et al. 2014).  
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The role and effect of Lewy bodies in PD is not well understood. Prior to the 

discovery of α-syn as the major component of Lewy bodies, they were associated with 

neurodegeneration as Lewy bodies were found in places of neurodegeneration, and 

Lewy body cortical density was found to correlate with cognitive impairment in PD 

(Wakabayashi et al. 2007). More recently it has been suggested that Lewy bodies are 

not harmful to the cell (Tompkins and Hill 1997), and may actually act as an aggresome 

to sequester proteins like α-syn, and protect against their neuronal toxicity (Olanow et al. 

2004; Tanaka et al. 2004).  

 

Genetics: 

α-syn Mutations 

Mutations in the SNCA gene (PARK1-4), were the first to be associated with 

autosomal dominant forms of Parkinson’s disease. One of the first mutations was 

discovered via linkage analysis of an Italian family (Polymeropoulos et al. 1997), on 

human chromosome 4q21-q23, where α-syn had previously been mapped. The A53T 

(change of Alanine to Threonine at position 53) variant is one of the most frequent of the 

missense mutations for α-syn, having been identified in several families worldwide (Choi 

et al. 2008; Polymeropoulos et al. 1997; Puschmann et al. 2009; Spira et al. 2001). The 

other missense mutations A30P (change of alanine 30 for proline at position 30) and 

E46K (change of glutamic acid for lysine at positing 46) have been identified in one 

family each, but present similar pathology and symptoms to A53T (Kruger et al. 1998; 

Zarranz et al. 2004). In the case of all of these variants, it appears that structure of α-syn 

is altered due to the missense mutations, and leads to increased filamentous forms of α-

syn and increased distribution of α-syn pathology.  

Alterations in gene dosage of α-syn further suggest that a principal cause of PD 

is demonstrated by genetics. Gene duplication of α-syn has been found in several 
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families, which presented clinical features typical of idiopathic PD, including age of 

disease onset (between ages 46-50) as well as response to treatments with levodopa 

(Chartier-Harlin et al. 2004; Ibanez et al. 2004). Interestingly in cases of patients with 

gene triplication of PD, the age of onset was approximately 10 years earlier, and the 

progression of the disease was faster, more severe, associated with dementia and 

hallucinations (Ibanez et al. 2004), and characterized pathologically by severe neuronal 

degeneration in the SN and locus coeruleus along with the formation of Lewy bodies 

throughout the brain (Farrer et al. 2004).  

Additionally, alterations in the α-syn promoter have been associated with an 

increased risk for PD. Specifically, polymorphisms in the REP-1 promoter have been 

associated with increased risk for α-syn in several studies (Hadjigeorgiou et al. 2006; 

Maraganore et al. 2006; Myhre et al. 2008; Rajput et al. 2009). 

 

LRRK2 Mutations 

Mutations in the Leucine-Rich Repeat Kinase 2  (LRRK2; PARK8) gene have 

been associated with increased risk for PD. The LRRK2 gene is important for formation 

of the protein dardarin, which is involved in assembling the cellular cytoskeleton and in 

protein-protein interactions. Most patients with mutations in LRRK2 have been found to 

present pathology similar to idiopathic PD (i.e. neurodegeneration in the nigra and the 

presence of Lewy bodies) (Gilks et al. 2005; Rajput et al. 2006; Zimprich et al. 2004), 

however, a case without Lewy body inclusions has been previously identified (Gaig et al. 

2007).   The most common LRRK2 mutation found among patients is the G2019S 

mutation. This mutation has a large prevalence in Ashkenazi Jews and North African 

Arabs with PD, as high as 18.3% and 47% respectively (Lesage et al. 2006; Ozelius et 

al. 2006). The LRRK2 G2019S mutation was the first to demonstrate that a genetic 

determinant can be involved in sporadic forms of PD (Bonifati 2006).  
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Parkin and PINK-1 Mutations 

Mutations in Parkin (PARK2) are the most common cause of early onset PD. 

Parkin is an E3 ubiquitin ligase involved with degradation of soluble proteins via the 

ubiquitin proteasome system (UPS). The Parkin mutation was first identified in a 

Japanese patient with autosomal recessive juvenile PD (Kitada et al. 1998), and may 

account for as much as 50% of cases in families with early onset PD (Lucking et al. 

2000). Mutations in PINK-1 (PARK6) are the second most common cause of early onset 

PD. The PINK-1 gene encodes a mitochondrial serine/threonine kinase, and loss of 

function of PINK-1 is associated with early onset PD. Previous studies have 

demonstrated that PINK1 and Parkin are associated with the mitochondria and cytosol 

respectively, but both are important in maintaining and regulating mitochondrial structure 

and function (Clark et al. 2006; Greene et al. 2003; Park et al. 2006). Clinically, patients 

with Parkin and PINK1 mutations are indistinguishable from cases of sporadic PD 

(Abbas et al. 1999; Schneider and Klein 1993). Interestingly, neuropathology of patients 

with Parkin and PINK1, specifically the presence of Lewy bodies in patients with Parkin 

mutations, appears to vary (Farrer et al. 2001; Houlden and Singleton 2012; Pramstaller 

et al. 2005). Additionally, the connection between Parkin/PINK1 mutations and their 

interaction with α-syn remains unclear (Oliveras-Salva et al. 2014; Stichel et al. 2007; 

von Coelln et al. 2006).  

Mutations in DJ-1 have been found to cause autosomal recessive PD. Mutations 

in the gene were first identified in Dutch and Italian families, and later found in patients 

with early-onset PD. DJ-1 appears to have a role in many cellular processes, but with 

regards to PD, there appears to be an association with parkin and oxidative stress 

(Bonifati et al. 2003; Martinat et al. 2004; Meulener et al. 2006). DJ-1 has been found to 

associate with parkin (specifically parkin binding to monomeric DJ-1), and decreased 
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levels of DJ-1 have been observed in patients with autosomal recessive PD compared to 

patients with sporadic PD (Moore et al. 2005). DJ-1 appears to have a role in oxidative 

stress response, specifically protection against oxidative stress. In a study in which 

MPTP, which increases ROS through inhibition of complex I, was administered to DJ-1 

knockout mice, increased striatal denervation and dopaminergic neuron loss was 

observed (Kim et al. 2005). The connection between DJ-1 and α-syn is unclear, but it 

appears that DJ-1 associates with α-syn in patients with PD (Meulener et al. 2005). In 

vitro knockdown of DJ-1 was associated with an increase in insoluble α-syn, suggesting 

that DJ-1 may serve as a chaperone to α-syn (Shendelman et al. 2004).  

Mutations in genes involved with protein degradation have also been associated 

with increased risk for PD. Ubiquitin Carboxyl-Terminal Esterase L1 (UCHL1) is a 

enzyme that is involved with degradation and recycling of ubiquitin after proteasome 

degradation of proteins (this protein is discussed below). Another enzyme involved with 

degradation is the glucocerebrosidase enzyme (GBA). Mutations in GBA are found in 

individuals with Gaucher’s disease, an autosomal recessive disorder in which there is a 

deficiency of a lysosomal enzyme (glucocerebrosidase). Interestingly, parkinsonism has 

been found to be associated with many patients with Gaucher’s (Goker-Alpan et al. 

2004). Studies that have examined loss of GBA function in vitro and in vivo have found 

that α-syn aggregates and causes toxicity (Kong et al. 2013; Mazzulli et al. 2011). 

Further, this is likely related to dysfunction in autophagy, a degradation pathway based 

on lysosomal degradation that has been implicated in PD (Du et al. 2015; Manzoni and 

Lewis 2013).  

Studies of genetic mutations associated with PD have been invaluable for the PD 

field. Understanding the mechanisms by which these genetic mutations cause PD, have 

given great insight into the pathways that maybe altered in sporadic cases of PD. 

Specifically, the identification of α-syn has provided a target to understand and study 
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further. Identification of these pathways through genetic mutations has and will continue 

to provide an opportunity to better understand the etiology of PD, and an opportunity for 

the development of therapeutics that can help fight the effects of the disease.  

 

α-synuclein characteristics  

α-syn is a 140 kD cytosolic protein that is composed of three regions, an amino 

terminus, a central hydrophobic region (referred to as NAC), and a carboxyl terminus. α-

syn is one of three synucleins in the synuclein family (Stefanis 2012). The protein was 

first identified in a screen of Torpedo electric lobe cDNA library using an antibody 

against purified cholinergic synaptic vesicles (Maroteaux et al. 1988). Interestingly, α-syn 

(specifically the NAC region) was not initially identified in PD patients, but rather as a 

component of amyloid plaques from Alzheimer’s disease patients (Ueda et al. 1993). α-

syn is expressed widely throughout both the central and peripheral nervous system, 

however, it can be found outside of the nervous system, in places such as red blood 

cells and plasma (Barbour et al. 2008).  Although α-syn has been identified in synaptic 

vesicles, its function in neurons is not well understood. Studies have suggested that the 

protein is involved with regulation of neural plasticity as well as neurotransmitter release 

and synaptic development (George et al. 1995; Withers et al. 1997). Support for α-syn’s 

role in neurotransmitter release has been demonstrated in several animal models. 

Knockdown of α-syn in rodent models resulted in a decrease in striatal DA, a decreased 

response to amphetamine (A Abeliovich et al. 2000) and alterations in dopamine and 

norepinephrine storage capacity and release, further supporting α-syn’s role in synaptic 

vesicle release (Yavich et al. 2004; Yavich et al. 2006). However, other studies have 

found that α-syn is not essential for neurotransmitter release or synaptic plasticity, but 

rather, is involved with long-term regulation and maintenance of presynaptic function 
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(Chandra et al. 2004). Although the function of α-syn is not well understood, it appears to 

have a fundamental role in the etiology of PD. 

 

Animal models of α-syn 

Several animal models have been generated to study the effects of α-syn’s 

toxicity in vivo. One of the first animal models of α-syn overexpressed human wild type 

(wt) α-syn in mice under the regulatory control of the platelet-derived growth factor-β 

promoter. α-syn was found to accumulate (as cytoplasmic inclusions) over time in 

several regions of the mouse’s brain including the SN (Masliah et al. 2000). Additionally, 

the group found that expression of wt α-syn resulted in a loss of dopaminergic neurons 

(as measured by TH levels), and correlated with alterations in motor behavior. Several 

other studies have also shown that expression of α-syn in rodent models leads to 

aggregation of synuclein, alterations in dopamine modulation, α-syn accumulation, loss 

of dopaminergic neurons, and motor deficits (Chesselet et al. 2012; Lam et al. 2011; 

Rockenstein et al. 2002). Further, studies have used rodent models to study mutated 

forms of synuclein, including A53T and A30P. Similar to mice expressing wt human α-

syn, mice expressing mutant forms of α-syn (not all models demonstrated the same 

phenotype) have decreased dopamine levels, motor deficits aggregation of synuclein, 

and dopaminergic cell loss (Martin et al. 2006; Piltonen et al. 2013; Plaas et al. 2008; 

Zhou et al. 2008).  

The effects of α-syn’s toxicity have also been observed in other in vivo models. In 

C. elegans, α-syn was able to form aggregates, and caused a decrease in motility and 

lifespan of the worms (Bodhicharla et al. 2012). Feany et al. generated transgenic 

drosophila expressing wt α-syn, A30P, or A53T. They found that expression of any of the 

variants of α-syn resulted in a loss of TH positive neurons. Additionally, not all 

dopaminergic neurons were susceptible to α-syn toxicity, and that transgenic drosophila 
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expressing the A30P variant had quicker loss of climbing ability (measure of motor 

behavior) as compared to the A53T and wt variants. Interestingly, similar to the rodent 

models, α-syn was found to form inclusion bodies, reminiscent of human Lewy bodies, in 

drosophila (Feany and Bender 2000). Similarly in zebrafish (ZF; Danio rerio), 

overexpression of α-syn in developing embryos was found to cause an increase in 

neuronal toxicity as well as aggregation of α-syn in developing neurons (Prabhudesai et 

al. 2012).  

 

Native state of α-syn 

The native form of α-syn has been a topic of great debate in the synuclein field. 

Studies using NMR spectroscopy have found that the protein lacks tertiary structure, is 

unfolded, and is approximately 19kDa as measured under denaturing conditions by 

immunoblot (Eliezer et al. 2001; Weinreb et al. 1996). Further, α-syn in patients with PD, 

AD, and DLB was found to be 16kDa when measured under denaturing conditions by 

immunoblot (Campbell et al. 2000). Other studies have suggested, that α-syn exists not 

as a monomer, but rather as a stable oligomer (tetramer) that resists aggregation 

(Bartels et al. 2011; W Wang et al. 2011). However, this finding was recently contested 

by another group, which found using various molecular techniques (including both 

denaturing and non-denaturing immunoblot conditions) that α-syn in mouse, rat and 

human brains exists as an unfolded monomer, which can explain the proposed tetramer 

sizing (Fauvet et al. 2012).  It is well accepted that α-syn native state is dynamic under 

both normal and pathological conditions. Its conformation and state of aggregation 

depends on several factors including relationship to membranes, post-translational 

modifications, concentrations, oxidative state and the presence of chaperones and 

toxins. 

 



	
   11	
  

The spread of α-syn 

Distribution and spread of α-syn and Lewy bodies throughout the brain has only 

recently been investigated. Braak and colleagues assessed the regional distribution of α-

syn in the brains of patients with PD and developed a staging scheme. The Braak 

staging scheme (Braak model) suggests that the disease begins in the lower brain stem 

and olfactory bulb. The disease then ascends through the dorsal motor nucleus of the 

vagus nerve through several regions of the brain, before eventually reaching the 

cerebral cortex (Braak et al. 2003). This is consistent with PD patients having cortical 

atrophy in olfactory-related brain regions as well as general olfactory dysfunction (Doty 

et al. 1988; Ward et al. 1983; Wattendorf et al. 2009). The Braak model is dependent on 

Lewy body pathology not being random, which Braak and colleagues have supported by 

describing neurons which are susceptible to forming Lewy bodies (Braak and Braak 

2000). The Braak model also makes the suggestion that the pathogenic process of α-syn 

starts with environmental insults that enter the central nervous system (CNS) through 

the gastric system. Again, similar to olfactory dysfunction, gastrointestinal dysfunction 

and Lewy body pathology have been observed in patients with PD (Braak et al. 2006; 

Lebouvier et al. 2008; Pfeiffer 2003; Shannon et al. 2012). One of the larger implications 

of the Braak model is that α-syn maybe functioning as a prion. In the 90’s, several PD 

patients received fetal ventral mesencephalic transplants (fetal nigral transplant), to 

mitigate the loss of striatal dopamine. Over the course of the study, patients who 

received the transplant had an increase in striatal dopaminergic activity, however, 

approximately half the patients developed dyskinesia (Freed et al. 2001; Olanow et al. 

2003). Further, in some patients who passed away years after the procedure, Lewy body 

like pathology was found in the grafted neurons; suggesting that α-syn had spread to the 

transplanted region (Kordower et al. 2008; Li et al. 2008).  
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Several in vitro and in vivo studies have given further support to the theory of α-

syn acting as a prion. One in vitro study demonstrated that fibrils and not monomeric α-

syn, when introduced in vitro, seeded the formation of Lewy body-like inclusions. This 

study also found that soluble α-syn (monomeric forms) were recruited into inclusion 

bodies by fibrils, suggesting that fibrillar α-syn can recruit and convert soluble α-syn into 

a misfolded state, and later growth into inclusion bodies. This effect is not limited to wt α-

syn, as it was shown that seeding wt α-syn fibrils with A30P seeds, led wt α-syn to 

accelerate formation of their fibrils similarly to A30P fibrils (Yonetani et al. 2009). Further, 

it was demonstrated that α-syn fibrils could transfer from neuron to neuron via axonal 

transport (Freundt et al. 2012). In an in vivo study, Luk et al. found that wt mice given a 

single instrastriatal inoculation of α-syn had Lewy pathology throughout the brain, and 

loss of dopaminergic neurons (Luk et al. 2012). In another study using transgenic α-syn 

mice, brain homogenates were injected from older transgenic mice exhibiting α-syn 

pathology, into younger transgenic mice.  The younger transgenic mice injected with the 

homogenates formed inclusion bodies faster and had reduced survival (Mougenot et al. 

2012). Similarly to the grafting studies performed in patients with PD, when 

mesencephalic neurons from wt mice were grafted into the striatum of mice 

overexpressing human α-syn, aggregation of α-syn was found in wt grafted 

dopaminergic neurons (Hansen et al. 2011). Additionally a recent study found that low 

dose exposure to a pesticide, rotenone, can cause accumulation of α-syn, which can be 

taken up and released by other neurons (Pan-Montojo et al. 2010). Interestingly when 

the same group performed a hemivagotomy and partial sympathectomy, the spread of 

synuclein was prevented, and dopaminergic cell toxicity was reduced (Pan-Montojo et al. 

2012). These studies add further support for the theory that α-syn may act as a prion.  

Most recently a Danish epidemiological study has further supported the Braak 

model. They found that patients who underwent a full truncal vagotomy (division of main 



	
   13	
  

trunk of vagus), had a decreased risk for PD as compared to controls (Svensson et al. 

2015). Despite some important limitations to this study, their data suggest that α-syn can 

act as a prion and spread throughout the brain and form Lewy body like inclusions in in 

vivo models and human brains.   

 

Toxicity of α-syn 

One of the most researched and discussed topics in the synuclein field, is which 

form of α-syn is most toxic, the monomer, oligomer, or fibril? In its native form α-syn 

does not appear to be toxic, and has a role in synaptic vesicle release as discussed 

above. Studies suggest that it is possible that post translational modifications, presence 

of metal ions, oxidative stress, and even dopamine itself may cause α-syn to aggregate 

(Conway et al. 2001; Hashimoto et al. 1999; Uversky et al. 2001). Although, aggregates 

and Lewy/inclusion bodies are the pathological hallmark of PD, which may suggest that 

they maybe involved in the toxicity of α-syn, several studies have demonstrated that they 

maybe protective. Tanka et al. reported that the presence of α-syn aggresomes 

protected cells from apoptosis (Tanaka et al. 2004). This maybe the case because 

through the formation of inclusion bodies, smaller aggregates of α-syn are removed from 

the presynaptic terminals (accumulation of α-syn is associated with loss of dendritic 

spines) and the accessible toxic surface of the protein is reduced as compared to 

smaller aggregates (Kramer and Schulz-Schaeffer 2007). Formation of 

fibrils/aggresomes/inclusion bodies may also promote the degradation of aggregated 

proteins through the protein degradation pathway, autophagy (Bieschke et al. 2010; 

Iwata et al. 2005a; Iwata et al. 2005b; Ravikumar et al. 2002). However, there is other 

evidence to suggest that α-syn inclusion bodies actually resist degradation via 

autophagy and may impair the degradation pathway (Tanik et al. 2013).  
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Although all the modifications listed above may cause synuclein to aggregate 

and form fibrils, it is interesting that protofibrils/oligomers may be the actual cause of 

toxicity.  In vitro studies have demonstrated that oligomeric forms of α-syn can cause 

cytotoxicity. In one study, one form of α-syn entered cells and seeded intracellular α-syn 

aggregation, while a second form that did not enter the cell, acted on the cellular 

membrane and increased intracellular calcium levels. Association with the cellular 

membrane may alter calcium homeostasis. The second form of α-syn appeared to act at 

the cellular membrane to increase intracellular calcium levels (Danzer et al. 2007), an 

effect which has also been observed in transgenic synuclein mice (Reznichenko et al. 

2012). Alterations in intracellular calcium homeostasis may be attributed to the ability of 

profibrils forms of α-syn creating pores in the cellular membrane (Lashuel et al. 2002; 

Volles et al. 2001; Volles and Lansbury 2002). This is further supported by the fact that 

the sizes of α-syn fibrils found in the in vitro study discussed above were similar to those 

extracted from patients with multiple-systems atrophy (Pountney et al. 2004). The 

toxicity of the oligomer is complex, but maybe attributed to stabilization of α-syn. In one 

study use of the BiFC (bimolecular fluorescence complementation) assay suggested that 

when α-syn was stabilized, the half-life of the protein and its cytotoxicity increased. 

Additionally, overexpression of the molecular chaperone HSP70 (which is associated 

with autophagy and acts on high molecular weight species), protected against stabilized 

oligomeric α-syn’s toxicity in this study (Outeiro et al. 2008). In vivo studies of oligomeric 

α-syn have shown similar results to those in vitro. Winner et al. investigated the use of 

different forms of α-syn, including, wt α-syn, oligomeric mutants and fibrilar forms in 

mice. Oligomeric forms of α-syn caused a significant increase in dopaminergic cell 

toxicity, as well as alterations in neuron morphology consistent with axonal pathology 

seen in PD. The experiments repeated in vitro demonstrated a similar result, the 

oligomeric forms increased toxicity as compared to wt and fibril variants. Additionally, the 
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oligomeric forms of α-syn formed ring like structures, which were found to associate with 

liposomes, suggesting association with membranes and further, modulation of calcium 

homeostasis (Winner et al. 2011). Rockenstein et al developed a mouse model based 

on the same oligomeric variant as Winner et al. (Rockenstein et al. 2014). Many of the 

effects observed in this transgenic model recapitulate results in other studies of 

oligomeric α-syn including association with membranes (and further possible alterations 

in calcium signaling), and neuronal toxicity. Although several studies have demonstrated 

the association of oligomers and α-syn toxicity, a recent study has suggested that 

monomeric synuclein resulting from destabilization of a stable form of synuclein may be 

the actual cause of toxicity. In mice with the A53T mutation, a decrease in the ratio 

stable α-syn tetramer (as proposed by the group) to monomer vs. wt α-syn mice was 

observed. Additionally, Dettmer et al. found that neurons expressing the E64K PD 

mutation found a larger change in the tetramer/monomer ratio, and increased neuronal 

toxicity (Dettmer et al. 2015).  

 

α-Syn Degradation 

Within the cell there are two primary degradation pathways by which α-syn is 

processed. The first is the Ubiquitin Proteasome System (UPS). The UPS is responsible 

for degradation of most proteins in the cells, including those associated with cell growth 

factors, transcriptional regulators, development, apoptosis, those that have become 

damaged, mislocated, and misfolded (Hershko and Ciechanover 1998). The UPS is 

composed of two components the 19S and 20S proteasomes, making up the 26S 

proteasome, which is responsible for degradation of proteins. The process of 

degradation by the proteasome begins with proteins being tagged with ubiquitin for 

degradation. The process of ubiquitination occurs via three ubiquitin activating enzymes, 

E1, E2, E3 (Hershko et al. 1983). Following ubiquitination, the protein undergoes 
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proteolysis in the 26S proteasome, and the resulting peptides are released, and ubiquitin 

is debiquitinated by deubiquitylating enzymes like UCHL1 (Lim and Tan 2007). 

Monomeric ubiquitin can then reenter the UPS and continue the degradation cycle.  

Proteasome dysfunction in genetic cases of PD is well documented. UCHL1 has 

previously been identified as a susceptibility gene for PD (Facheris et al. 2005; 

Maraganore et al. 2004). Parkin is an E3 ligase, which has also been implicated as a 

susceptibility gene for PD as discussed above, however, proteasome dysfunction is not 

limited to genetic cases of PD. McNaught et al. demonstrated that enzymatic activity of 

the proteasome is impaired in the SN of patients with PD (McNaught and Jenner 2001). 

In a later study the same measured the integrity and enzymatic activity of the 26S/20S 

proteasome in the brains of patients with sporadic PD. They found that the structures of 

the 26S/20S proteasome were altered in patients with sporadic PD, specifically 

alterations in the secondary structure that could affect proteolytic activity. In line with 

alterations in structure of the proteasome, they found a significant decrease in proteolytic 

activity of the 20S proteasomes (McNaught et al. 2003).  

α-Syn appears to have a role in dysfunction of the proteasome. Both monomeric 

and aggregated forms of α-syn have been found to bind with the 19S proteasome and 

inhibit the function of the 26S proteasome (Snyder et al. 2003). Further oligomeric forms 

of α-syn have been found to interact with the 20S proteasome, and cause inhibition of its 

proteolytic activity (Lindersson et al. 2004). Tanka et al found in vitro, that cells 

expressing mutant α-syn had decreased proteasome activity, and when treated with a 

sub-toxic concentration of lactacystin (proteasome inhibitor), an increase in markers of 

apoptosis and inhibition of mitochondrial depolarization occurred (Tanaka et al. 2001). 

Additionally, Stefanis et al. found that the A53T mutant form of synuclein caused 

decreased proteasome activity, and increased neuronal toxicity (Stefanis et al. 2001). 

Chou et al. found that in primary culture a pesticide, ziram, inhibited E1 ligase of the 
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proteasome, increased protein levels of α-syn, and increased neuronal toxicity in 

dopaminergic neurons (Chou et al. 2008). Additionally, other pesticides like paraquat 

and rotenone which have been implicated in PD, have been found to inhibit the 

proteasome and together with α-syn may increase toxicity (Chou et al. 2010; Yang and 

Tiffany-Castiglioni 2007). Degradation of α-syn by the proteasome appears to be the first 

method of degrading the protein, however, after it forms fibrils, it will be degraded by 

autophagy.  

Autophagy is a process that is used by the cell to eliminate misfolded or 

aggregated proteins, damaged organelles, and intracellular pathogens (Glick et al. 

2010). There are several forms of autophagy: chaperone-mediated autophagy (CMA), 

macroautophagy, and microautophagy. These will be explored in more detail in Chapter 

II of this thesis. With regards to α-syn and PD, the process of autophagy likely acts upon 

oligomers and protofibrils of α-syn. Cuervo et al. found that CMA is used for degrading 

α-syn (Cuervo et al. 2004). Specifically they found that heat shock protein 70 (HSP70), 

recognizes and binds to α-syn. Once bound to HSP70, α-syn is transported to and binds 

to the lysosomal-associated membrane protein type 2A (LAMP-2A) at the lysosomal 

membrane. α-syn is then transported into the lysosome and degraded by proteases. 

Interestingly the same group found that mutant forms of α-syn (A30P and A53T), were 

able to bind LAMP-2A stronger, but were not transported into the lysosome, and caused 

increased toxicity. This is similar to the result reported by Stefanis et al. where A53T 

caused an increase in autophagosome formation, but also an increase in cell death 

suggesting lysosomal dysfunction (Stefanis et al. 2001). Further Martinez-Vincente et al. 

found that oligomeric forms of α-syn and α-syn modified by DA could not be taken up by 

lysosomes via CMA.  In brains of patients with PD, post mortem analysis found 

autophagic degeneration (condensation of chromatin and an increase in lysosome-like 

vacuoles, likely autophagosomes) in melanized DA neurons (Anglade et al. 1997).  
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The Environment and PD.  

As discussed above, as much as 10% of PD cases can be attributed to 

Mendelian genetics. This means that 90% of sporadic cases must be caused by the 

environment and/or gene-environment interactions. One of the first examples of an 

neurotoxin causing PD like symptoms was MPTP (1-methyl-4-phenyl-1,2,3,6-

tetrahyrdopyridine). In the early 80’s several heroin users, used MPTP as a synthetic 

heroin, which resulted in a Parkinsonian-like state (Smeyne and Jackson-Lewis 2005). 

Prior to the discovery of MPTP, there were very few animal models for studying the 

effects of PD. In vivo, MPTP causes loss of dopaminergic neurons and alterations in 

motor behavior (Jenner 2003; Kopin and Markey 1988; Yazdani et al. 2006). MPTP is 

converted by monoamine oxidase-B (MAO-B) to MPP+, which is taken up by the 

Dopamine transporter (DAT), the cause of its selectivity for DAergic neurons. MPP+ is 

an inhibitor of complex-1 cellular respiration, resulting in a decrease in cellular ATP, and 

an increase in oxidative species (Chan et al. 1991; Nicklas et al. 1985; Przedborski and 

Jackson-Lewis 1998; Zang and Misra 1993). Identification and understanding of MPTP’s 

mechanism of action was important in finding other environmental compounds that have 

a similar structure and can increase risk for PD.     

For several decades epidemiological studies have suggested a correlation 

between exposure to pesticides and PD. Studies that have examined both occupational 

and residential exposure have found that pesticides can increase risk for PD (Ascherio 

et al. 2006; Fleming et al. 1994; Gatto et al. 2009; Hertzman et al. 1990; Ritz and Yu 

2000; Tanner et al. 2009; Tanner et al. 2011; A Wang et al. 2011). Although several of 

the earlier studies were self-reporting, more recent studies in California have used the 

pesticide use reporting system and independent physician verification of cases to study 

the correlation between PD and pesticide exposure. Wang et al. found that individuals 
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exposed to three pesticides, paraquat, ziram, and maneb at the work place had a three 

fold increased risk for developing PD, and for residential exposures an 80% increased 

risk for exposure to those three pesticides (A Wang et al. 2011).  

The connection between PD and pesticides has been further strengthened using 

in vitro and in vivo models. Many of these models have demonstrated the loss of 

dopaminergic neurons after treatment with pesticides and alterations in motor behavior 

in animal models (Betarbet et al. 2000; Chou et al. 2008; Fitzmaurice et al. 2013; Peng 

et al. 2004; Ryan et al. 2013; Thiruchelvam et al. 2000). The connection between α-syn 

and pesticides has been further supported by animal models.  Betarbet et al. found that 

animals exposed to the pesticide rotenone had loss of dopaminergic neurons, 

“parkinsonian behavior”, and found cytoplasmic inclusions in nigral neurons, which 

contained both ubiquitin and α-syn (Betarbet et al. 2000). Additionally, in a rodent model 

of a α-syn mutant (A53T), exposure to paraquat and maneb resulted in increased α-syn 

pathology throughout the CNS, specifically aggregation of filamentous α-syn in axon 

terminals (Norris et al. 2007). The pesticide ziram was found to cause an increase in 

dopaminergic cell loss, proteasome inhibition, an increase in α-syn protein levels, and 

motor deficits in mice (Chou et al. 2008).  

Studies have suggested a link between pesticide exposure and increased risk for 

developing PD. It is important to note that not all pesticides cause PD, and on a larger 

level the use of pesticides is essential for survival especially at the rate of population 

growth. However, identifying and understanding which environmental toxins, such as 

pesticides, affect human health is crucial. 

Through this dissertation I propose to study the effects of ziram, a pesticide that 

has been previously identified to increase risk for PD.  I will study the mechanisms of 

ziram’s toxicity using a novel in vivo model, ZF. Our group has previously used ZF to 
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study the effects of α-syn overexpression and to study the mechanisms of another 

dithiocarbamate fungicide that increases risk for PD, benomyl (Fitzmaurice et al. 2013). 

We previously studied the mechanisms of toxicity of ziram in primary culture (Chou et al. 

2008), but there is great need to understand the effects and mechanisms of toxicity of 

the pesticide on several biological systems simultaneously in vivo.  

The general and neuronal toxicity of ziram on ZF is examined in chapter 1. We 

investigate the effects of ziram on catecholaminergic neurons. Additionally, we attempt 

to determine if the neurotoxic effects of the pesticide are selective for dopaminergic 

neurons using several transgenic ZF lines, and studying the effects of ziram on motor 

behavior.  

In chapter 2, we focus on the mechanisms of ziram’s toxicity in vivo. Specifically 

we investigate whether ZF synuclein can be used to study the effects of ziram in our 

model, whether the proposed mechanism of ziram’s toxicity is conserved in ZF, and 

finally if ziram’s toxicity is mediated by synuclein.  

The studies from this dissertation will provide better understanding of the 

mechanisms of toxicity of ziram in an in vivo system, and contribute to the understanding 

of how environmental toxins can contribute to the development of PD.   
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Chapter 1: 

 

Introduction 

Parkinson’s disease (PD) is a neurodegenerative disease that affects seven to 

ten million people worldwide. Although significant progress has been made in 

understanding the pathophysiology of PD, the etiology is still not well understood. There 

does not appear to be one simple cause of PD. 

 

PD and Pesticides 

The genetics of PD have been studied extensively, but only account for a small 

percentage of patients with PD (5-10%), suggesting that environmental factors play an 

important role in the development of PD (International Parkinson Disease Genomics et 

al. 2011; Trinh and Farrer 2013). Several epidemiological studies have demonstrated 

that pesticide exposure correlates with increased risk for PD (Ascherio et al. 2006; 

Brown et al. 2006; Fleming et al. 1994; Gatto et al. 2009; Goldman 2014; Hertzman et al. 

1990; Ritz and Yu 2000; Tanner et al. 2009; Tanner et al. 2011; A Wang et al. 2011).  

One of the more recent epidemiological studies examined individuals who live in 

the central valley of California. This study was unique from other epidemiological studies 

because self-reporting was not used as a form of reporting. Rather, the group used 

California pesticide usage reports to determine individuals who lived or worked within 

500m of spraying areas and pesticide exposure estimates (A Wang et al. 2011). 

Additionally, the group had a movement disorder specialist evaluate patients diagnosed 

with PD from these areas. They focused on three pesticides ziram, maneb, and 

paraquat, all of which had been previously found to cause dopaminergic cell death, and 

in the case of maneb and ziram, inhibit the proteasome (Chou et al. 2008; McCormack 
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et al. 2002; Purisai et al. 2007; Zhou et al. 2004). They found that occupational exposure 

to all three pesticides increased the risk for PD three fold, while residential exposure 

increased risk by 80%. Residential and workplace exposure to ziram was found to 

increase risk for PD three fold, and as high as six fold for early onset cases. This study 

demonstrated that the pesticide ziram, a known proteasome inhibitor, can increase risk 

for PD.  

 

Ziram General Information 

Ziram (also known as AAprotect, Cuman, Z C Spray, and Zirex) is an agricultural 

dithiocarbamate fungicide that is used primarily to prevent the spread of fungal 

infections. Ziram was first registered in the US in 1960, as a broad spectrum fungicide 

used to control fungus growth on several stone fruits. Since then the pesticide has been 

approved for use on almonds, apricots, cherries, pecans, and several other agricultural 

products. For residential and industrial use, ziram is approved as a rabbit repellent, and 

as an additive for industrial adhesives and latex paint (Agency 2004).  

According to the EPA, environmental concentrations of ziram in drinking water 

are below the threshold of concern. Additionally, food exposure levels of ziram are 

considered well below levels of concern, and pose no threat to the general public. With 

regards to occupational and residential exposure, only occupational exposures are listed 

as a concern to the agency. For residential exposure, the agency recommends using 

ziram at lower concentrations (in the case of latex pain, reducing the concentration from 

3% to 1%), and believes that homeowners who use ziram, will be exposed for less than 

seven days on average (Agency 2004), and thus should be at acceptable levels. Lastly 

the EPA specifies that the ecological effects of ziram vary greatly among species. Ziram 

has low toxicity for mammalian species, moderate toxicity for avian species, and high 

toxicity for aquatic species.  
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Although concentrations of ziram used for spraying vary depending on the application, 

the EPA estimates that for spraying applications related to agriculture, ziram is sprayed 

at a concentration of 8 mM.  

 

Toxicity of Ziram 

The first documented studies of ziram’s toxicity, found that it has fungicidal 

activity at 30 µM. This is the concentration at which ziram inhibited isolated yeast 

mitochondrial dehydrogenases and caused toxicity (Briquet et al. 1976). In vitro ziram 

was found to cause increased cytotoxicity in rat hepatocytes at 1 mM (Yamano and 

Morita 1995). Additionally, the same study also found that ziram inhibited microsomal 

lipid peroxidation at concentrations as low as 10 µM. Chronic toxicity assays for ziram 

demonstrated that rats fed with low doses of ziram (5mg/kg/day) over a period of one 

year showed no long-term effects, and no effects were seen in weanlings also receiving 

the same dose over a 30 day period. Similarly, dogs fed with ziram at a concentration of 

5mg/kg/day also showed no harmful effects (Hodge et al. 1956). However, one toxicity 

study demonstrated that female rats that were fed ziram over a 9-month period had a 

decrease in antibody formation, while in another study; rats exposed for an unspecified 

amount of time had poor growth and development (Kamrin 1997). Further, ziram induced 

single-strand breaks of DNA in the liver in rats (Residues 1996).  

 

Neurotoxicity of Ziram 

The number of studies that examine ziram’s neurotoxicity remain very limited. 

One study found that in rats treated with a single high dose of ziram, behavioral effects 

were observed, and inhibition of brain neuropathy target esterase was observed. In a 

study conducted in our lab, mice treated with sodium dimethyldithiocarbamate (used 
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instead of ziram, because of higher solubility), for two weeks altered motor function, 

similar to mice that have dysfunction of the nigrostriatal pathway (Chou et al. 2008).  

 

Ziram and Dopaminergic Cell Toxicity 

To date there is only one piece of primary literature that has examined ziram’s 

dopaminergic cell toxicity in vitro and in vivo. The study by our group, examined the 

effect of ziram on dopaminergic neurons, the ubiquitin proteasome system, and 

alterations in α-syn; the effects on the proteasome and α-syn will be discussed in 

chapter 2. In the study, rat primary ventral mesencephalic cultures were exposed to 

ziram at concentrations from 0.1 µM-10 µM. At higher concentrations (5µM and above), 

ziram was highly toxic to all cells (Chou et al. 2008).  At lower concentrations, 0.5 and 1 

µM, ziram was found to decrease TH+ cell survival significantly. Surprisingly, the levels 

of TH were actually found to be elevated after ziram treatment. Additionally, the effect of 

ziram was found to be specific for TH+ neurons, as determined by NeuN+ staining and 

compared to a control (proteasome inhibitor) that caused general neurotoxicty.   

 

Zebrafish 

In order to study ziram’s toxicity further, I propose to use zebrafish (ZF) as a 

model system. ZF (Danio rerio) are a freshwater tropical fish that have been used 

extensively in research projects for several decades. In the early 1980’s ZF were 

identified as a genetically tractable disease model, and later used for embryonic 

mutagenesis screens and identification of genes involved with development (Driever et 

al. 1996; Haffter et al. 1996). Due to the similarity of their genome to the human genome 

(Howe et al. 2013), and their value as a developmental and genetic model, ZF have 

allowed for greater understanding of disease across a variety of field. ZF also have 

several other attributes that make them valuable for studying disease. Once at sexual 
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maturity it is estimated that the average female gives approximately 100 eggs per clutch. 

This allows for experiments to be conducted with large sample sizes, and is valuable for 

genetic/developmental/toxicity/therapeutic screens. Secondly, ZF can be genetically 

manipulated in a variety of ways. Today there are several techniques to knockdown 

expression of genes, overexpress genes, and express genes from other species in ZF 

(as reviewed by (Lieschke and Currie 2007)). Recently, the opportunities for genetic 

manipulation in ZF have become even greater, as ZF have been found to be an 

excellent model to use for the CRISPR-Cas system to study human disease (Hwang et 

al. 2013).  

ZF have been used as a model of neurodegenerative disease in several studies 

(Klionsky et al. 2012; Milanese et al. 2012; Paquet et al. 2009; Ramesh et al. 2010; 

Sheng et al. 2010; Tomasiewicz et al. 2002; Wen et al. 2008; Williams et al. 2008). ZF 

are a valuable model for studying the mechanisms of disease of PD as they have a well-

formed DA neuronal network similar to that of mammals (Bretaud et al. 2007; Milanese 

et al. 2012; Schweitzer et al. 2012; Sheng et al. 2010; Wen et al. 2008; Xi et al. 2011a), 

have many orthologs to human drug targets (Gunnarsson et al. 2008), and alterations in 

homeostasis of proteins associated with PD have been found to cause similar effects in 

ZF (Prabhudesai et al. 2012).  

Here we utilized ZF to study the toxicity of ziram, a pesticide associated with 

increased risk for PD, in vivo. To study the effects of ziram’s toxicity, we conducted 

studies and found that the pesticide is toxic to ZF at doses well below recommended 

usage concentrations. Additionally, utilizing a transgenic line labeling neurons 

expressing vesicular monoamine transporter (VMAT2), we studied the effect of ziram on 

catecholaminergic neurons. We found that ziram’s neurotoxicity not only causes death of 

neurons in clusters with high populations of dopaminergic neurons, but also that ziram’s 

toxicity was specific for dopaminergic neurons. Finally, we analyzed the effect of ziram 
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on motor behavior in fish. We found that ziram caused a decrease in motor behavior 

under dark conditions in a similar manner to the dopamine antagonist haloperidol. This 

behavioral phenotype was rescued by using the postsynaptic dopamine agonist 

apomorphine. These studies demonstrate that ziram causes selective dopaminergic 

toxicity at concentrations lower than those used in the environment.  
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Methods 

 

Zebrafish 

ZF lines (AB unless otherwise stated) were bred and maintained at 28 °C in 

recirculating water tanks on a regulated 14h light/10h dark cycle and fed twice a day with 

brine shrimp. All experiments were carried out in accordance with UCLA Animal 

Research Committee protocols. ZF expressing GFP driven by the vesicular monoamine 

transporter promoter (VMAT2:GFP) were purchased from the UCLA core facility and 

used in this study to identify VMAT2 (dopaminergic, (nor)adrenergic, serotonergic) 

neurons in whole embryos (Wen et al. 2008). Peripheral sensory neurons (trigeminal 

and Rohon-Beard) were visualized using the Tg(isl1[ss]:Gal4-VP16,UAS:EGFP)zf154 

transgenic line, which has been referred to as Tg(sensory:GFP), and were obtained from 

Dr. Sagasti (Sagasti et al. 2005). 

 

Zebrafish Treatments  

ZF embryos, 25-35 per treatment in 10 mL of E3 media (15 mM NaCl, 0.5 mM 

KCl, 1.0 mM MgSO4, 0.15 mM KH2PO4, 0.05mM Na2HPO4, 1.0 mM CaCl2, 0.7 mM 

NaHCO3), were reared at 32 °C and exposed to varying concentrations of ziram (98.5% 

purity, Chem Service, West Chester PA). Embryos were exposed to 1 nM-1 µM 

(0.01%DMSO) ziram in E3 media at 5 hours post-fertilization (hpf) or 24 hpf in a 6-well 

plate for 5 days for confocal microscopy and 7 days post fertilization (dpf) for behavior. 

Embryos treated with ziram at 5 hpf developed notochord defects as previously 

described (Haendel et al. 2004; Teraoka et al. 2006), so embryos were treated at 24 hpf 

to avoid this confound unless otherwise stated.  The concentrations of ziram used for 

this study are well below those used for agriculture (Residues 1996) (approximately 8 
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mM) (Agency 2015), and necessary for fungicidal activity (30 uM) (Briquet et al. 1976). 

 

Behavioral Analysis  

ZF embryos (7 dpf) were placed in 10mL of E3 media and kept in the dark to 

avoid degradation of added chemicals. Drug or vehicle (5 µM apomorphine, 25 µM 

haloperidol or 0.1% DMSO) were added and incubated for 30-minutes at 28°C prior to 

behavioral analysis. Twelve fish from each treatment group were transferred to a square 

96-well plate and maintained in the dark for 10 minutes prior to behavioral analysis, 

which consisted of 10-minute alternating cycles of light (100% light as specified by 

Zebralab, View Point, France) and dark (total 30 minutes in light and 30 minutes in dark). 

Movements greater than 2 millimeters were collected every two minutes using the 

Zebralab system and analyzed for distance traveled. Embryos with notochord 

malformations were excluded for behavioral analysis. Data were normalized to vehicle 

controls to account for variances between fish clutches from different days. One-way 

ANOVA was used for statistical analysis.  

 

Western and Native Blots 

ZF embryos (5 dpf) were anesthetized as described above, pooled (35 embryos 

per treatment), de-yolked, lysed, and sonicated in either 1X-SDS buffer or 1X-Native 

PAGE sample buffer (Life Technologies). Protein concentrations were determined using 

the BCA protein assay (Thermo-Fisher, Rockford IL). 75µg of protein was loaded onto 

SDS-PAGE or Native-PAGE gels and transferred using the XCell-II blotting system (Life 

Technologies). Membranes were probed with TH 1° antibody (1:2500, MAB 318: 

Millipore) followed by donkey anti-rabbit HRP 2° antibody (1:2500 dilution, Santa Cruz 

Biotechnology, Dallas TX). Chemiluminescent substrate (Super Signal West Dura, 
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Thermo Scientific) was used for band visualization. α-Tubulin (1:500, Sigma-Aldrich) was 

used as a loading control. Student’s t-test was used for statistical analysis.  

 

HPLC 

ZF embryos (7dpf) were anesthetized as described above, pooled (100 embryos 

per treatment), de-yolked, lysed, and sonicated in 0.1 M perchloric acid. Samples were 

alumina gel purified and run on using a Tosoh C18 column. 15µL of samples were 

injected onto the column for individual runs. After the intial run, samples were spiked 

with DOPAL, DOPAC, and DOPAMINE to confirm retention times with standards.  

 

Statistical Analysis 

Statistical analyses were performed using Student’s t-test, log-rank, and one-way 

ANOVA where appropriate.  A minimum significance level was set at p<0.05 for all 

studies.  

 

 

 

 

 

 

 

 



	
   30	
  

 

Results 

 

Ziram is toxic at low concentrations:  

In order to determine an appropriate dose for our ziram studies in ZF, we 

performed a dose response study. Initially we exposed embryos to ziram early in 

development (5hpf) at concentrations varying from 1 nM to 1 µM. However, we found 

that embryos treated with doses at 50 nM and above had notochord malformations by 

24hpf (Figure 1-1). This notochord malformation effect has previously been described in 

ZF, when other dithiocarbamates were used (Haendel et al. 2004; Teraoka et al. 2006). 

In order to determine the toxicity of ziram without this confound, we exposed embryos at 

24hpf, a developmental time point at which the notochord is sufficiently developed. 

When treated at 24hpf no notochord malformation was observed even at the highest 

doses. Toxicity of ziram was measured over a seven-day period and by 7dpf, reduced 

survival was observed for ziram treated fish in a concentration dependent manner. An 

80% reduction in survival was observed for embryos treated with concentrations of 100 

nM or above (Figure 1-2).  

 

Ziram is selectively toxic to dopaminergic neurons 

Previous studies from our lab found that ziram was selectively toxic to 

dopaminergic neurons in rat primary mesecephalic cultures (Chou et al. 2008). Here we 

wanted to determine if ziram was neurotoxic in our ZF model system, and if ziram is 

selectively toxic to dopaminergic neurons. We utilized a VMAT2:GFP ZF line that 

expresses GFP driven by the VMAT2 promoter to monitor aminergic neuronal integrity 

(Wen et al. 2008). We had previously utilized this line to study the neurotoxicity of 
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another dithiocarbamate, benomyl, and found that treatment with the pesticide in 

VMAT2:GFP ZF increased loss of GFP fluorescence in the diencephalic (DC), and 

telencephalic (TC) neuronal clusters, both of which have large populations of 

dopaminergic neurons (Fitzmaurice et al. 2013; R. Jeroen Pasterkamp 2009; Rink and 

Wullimann 2002). For this study we utilized ziram at a concentration of 50 nM, as this 

was the highest concentration in which no significant degree of lethality was observed. 

When treated with at 24hpf and imaged by confocal at 5dpf, we found that ziram treated 

embryos had a 30% reduction and 39% reduction in the number of GFP-labeled neurons 

in the TC and DC clusters respectively vs. vehicle controls (Figure 1-3). To determine if 

ziram’s neurotoxicity is selective, we measured the integrity of Rohon-Beard neurons 

after exposure to 50 nM ziram using Tg(sensory:GFP) embryos as previously described  

(Fitzmaurice et al. 2013; Sagasti et al. 2005). We did not observe a significant change in 

the number of sensory neurons for ziram treated fish vs. controls (Figure 1-4). We also 

performed neuron counts on the Raphe Nuclei of the VMAT2 transgenic line, as these 

are serotonergic neurons, and did not observe a change with ziram treatment (Figure 1-

5). Additionally, to further determine if the ziram is selective for dopaminergic neurons, 

we measured protein levels of tyrosine hydroxylase-1 (TH-1) using immunoblot analysis. 

A 63% reduction in TH-1 levels was found for ziram treated fish vs. vehicle controls 

(Figure 1-6). Collectively, these results suggest that ziram is selectively toxic to 

dopaminergic neurons.  

 

Ziram alters ZF swimming behavior due to DA dysfunction 

In light of the decrease in DA neuron number and TH-1 protein levels, we wanted 

to investigate whether the loss in dopaminergic neurons also caused a behavioral 

phenotype. As described above, ZF embryos were treated with 50 nM ziram at 24hpf 

and at 7dpf, swimming was measured. In order to study behavior we used an alternating 
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light and dark cycle over a one-hour period, and tracked total distance traveled by the 

embryos over the hour. Previous studies have suggested that ZF are more active in the 

dark (Burgess and Granato 2007; Farrell et al. 2011). Here we observed a similar effect 

for vehicle fish, while ziram treated fish swam significantly less in the dark (Figure 1-7). 

No change in behavior was observed for either group under light conditions. To 

determine if the behavioral effects observed in the dark were due to dopaminergic 

neuronal dysfunction, we treated embryos with a dopamine agonist and antagonist. 

Treatment with the dopamine antagonist, haloperidol, resulted in a significant decrease 

in swimming distance in the dark in a similar manner to ziram treated fish (once again no 

difference in distance traveled was observed in the light). When we used the dopamine 

agonist, apomorphine, we observed a significant increase in distance traveled for 

embryos (Figure 1-7). This suggests that the effects of ziram are secondary to a 

presynaptic dopamine loss as apomorphine rescued the behavioral phenotype of ziram 

treated fish. These results demonstrate the toxicity of ziram on dopaminergic neurons 

alters motor behavior in ZF, an effect that can be reversed using apormorphine, a drug 

used to treat movement dysfunction in PD patients.  

 

Ziram does not alter levels of DA and DOPAC as measured by HPLC 

Because we observed a decrease in the total amount of dopaminergic neurons 

and altered motor behavior for ziram treated fish, we wanted to measure levels of DA 

and its metabolites DOPAC and DOPAL in ziram treated fish. Previously we found that 

benomyl caused alterations in DOPAL levels through ALDH inhibition.  DOPAL is a toxic 

intermediate of dopamine synthesis, and maybe the reason why ALDH inhibiting 

pesticides like ziram and benomyl, cause selective dopaminergic cell loss and increase 

risk for PD. We attempted to measure DOPAL levels in embryos but were unsuccessful. 
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We were able to measure DA and DOPAC levels, but did not observe any difference in 

levels of either DA or DOPAC for ziram treated fish vs. controls (Figure 1-8).  
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Discussion 

 

The link between pesticide exposure and PD has become more evident in recent 

years. The identification of specific toxins that increase PD risk such as paraquat, 

rotenone, ziram and maneb (Gatto et al. 2009; Tanner et al. 2009; Tanner et al. 2011; A 

Wang et al. 2011), have facilitated mechanistic studies. Ziram has been shown to inhibit 

both the UPS and aldehyde dehydrogenase (ALDH) (Chou et al. 2008; Fitzmaurice et al. 

2013; Fitzmaurice et al. 2014) but a direct link between these activities and neuronal 

toxicity in vivo is still lacking. In this study, we used a ZF model to study environmental 

toxins relevant to PD and found that ziram caused selective DA neuron damage with 

behavioral consequences. 

 

Ziram is toxic to ZF at low dose concentrations 

Initial toxicity studies for ZF were performed at 5 hours post fertilization (hpf). 

After 24 hours of exposure we observed an altered morphology for the treated fish. Fish 

treated with low doses of ziram (50 nM) and below, all had notochord distortion. Other 

groups using dithiocarbamates (DTCs) similar to ziram have observed a similar 

phenotype (Haendel et al. 2004; Teraoka et al. 2006). Haendel et al. reported notochord 

distortion by 24hpf for embryos treated with Sodium Metam at 4hpf, at a concentration of 

0.8µM. This effect may be related to the metals of DTCs interacting with Cu/Zn 

superoxide dismutase, as common metabolites of DTCs like CS2 did not cause 

notochord distortion at low doses (Tilton et al. 2006). We continued our studies at 5hpf, 

looking at alterations in dopaminergic cell count and behavior. This again was 

problematic as the notochord distortion caused a lack of movement due to severe body 

curvature. Additionally, this morphological confound presented problems for VMAT2 cell 
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counts, as more than 50% of fish had died with treatments of 50 nM ziram and above 

and surviving fish appeared very sick (data not shown). As a result of these issues we 

began dosing ZF embryos with ziram at 24hpf, a time point at which the notochord had 

developed sufficiently, and previous studies using DTCs did not result in notochord 

distortion (Haendel et al. 2004). As a result, all future studies were conducted at this time 

point. In order to find an appropriate dose for our studies, we treated embryos at 24hpf 

with five different doses of ziram (n=50 per treatment). We found that ziram caused 

toxicity in a dose dependent manner. By 5dpf, an increase in death was seen for fish 

treated with doses greater than 100 nM and by 7dpf both treatments over 100 nM had 

greater than 80% death. Toxicity for embryos treated with 1 nM and 10 nM was 

consistent with death seen in the vehicle control group. Based on this survival curve and 

the survival of embryos treated at 5hpf, we decided to utilize 50 nM ziram for all future 

studies.  

 

Ziram causes selective dopaminergic cell toxicity 

In order to study the effects of ziram on dopaminergic neurons, we utilized a 

transgenic line in which ZF express GFP driven by the monoamine transporter (VMAT2) 

promoter. Wen et al. had previously characterized this transgenic line and found that the 

neurotoxin MPTP caused selective loss of dopaminergic neurons in the diencephalon, 

hypothalamus, and pretectum (Wen et al. 2008). Additionally, the group observed a 

selective loss of TH, as neurons in the locus coeruleus remained GFP positive, but a 

reduction in TH levels was observed in these neurons. We had previously published a 

study examining the effects of another dithiocarbamate, Benomyl, on catecholaminergic 

neurons using the same transgenic VMAT2 line. We found that treatment with Benomyl 

caused loss of VMAT2 neurons from clusters that primarily contain catecholaminergic 

neurons (Fitzmaurice et al. 2013). In this study we tested ziram at a concentration 50 nM 
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(as discussed above) and used confocal microscopy at 5dpf to evaluate neuronal 

integrity. We observed a significant loss in the number of GFP positive neurons in both 

the diencephalic and telencephalic clusters after ziram treatment. In order to determine if 

this toxicity was selective to aminergic neurons, we measured the integrity of Rohon-

Beard sensory (RB) neurons after exposure to 50 nM ziram using the Tg(sensory:GFP) 

embryos. These sensory neurons have previously been characterized extensively by 

several groups, and were utilized by our group to determine the specificity of benomyl for 

dopaminergic neurons in our previous study (Palanca et al. 2013; Patten et al. 2007; 

Sagasti et al. 2005). Here we found that ziram treatment did not change the number of 

sensory neurons for ziram treated fish vs. controls. To further characterize the specificity 

of ziram for catecholaminergic neurons, we performed neuron counts on the Raphe 

nuclei neuronal cluster (serotonergic neurons), using the VMAT2 transgenic line (Ogawa 

et al. 2012; Wen et al. 2008). Similar to the RB neurons, no significant difference was 

observed for fish treated with 50 nM ziram vs. controls. Thus we conclude that ziram’s 

neurotoxicity is relatively specific for catecholaminergic neurons. 

It is possible that the loss of GFP signal in fish treated with ziram does not reflect 

neuronal loss, but rather injury to the cells or loss of VMAT expression. In several animal 

models of PD, loss of dopaminergic neurons is associated with reduction in TH (Feany 

and Bender 2000; Masliah et al. 2000; Pan-Montojo et al. 2012). To determine if ziram’s 

toxicity is specific to dopaminergic neurons, we utilized immunoblot analysis to examine 

the effect of ziram on TH-1 levels. We observed a significant reduction in TH protein 

levels for ZF treated with ziram. It is important to note that TH has been found to express 

in noradrenergic neurons, and thus it is possible that the decrease observed by 

immunoblot may not be representative of alterations in TH in only dopaminergic neurons 

(Holzschuh et al. 2001). However, the loss of GFP fluorescence in the diencephalic and 

telencephalic VMAT2 clusters combined with decreased TH protein levels, suggests that 
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some of this loss can be attributed to cell death. Another way to evaluate the specificity 

of ziram’s toxicity for dopaminergic neurons is to determine the effect of the pesticide on 

the dopamine transporter (DAT). The sodium-dependent dopamine transporter is 

involved with reuptake of dopamine, and thus is involved with regulation of dopamine 

receptor stimulation (Ciliax et al. 1995). DAT is found throughout the brain and is found 

in regions of dopamine cell groups as confirmed by TH staining. In patients with PD, 

levels of DAT can be reduced by at least 30-50% (Ma et al. 2002; Ribeiro et al. 2002). 

DAT has been directly implicated in MPTP’s toxicity (a toxin that causes parkinsonian 

like symptoms), as it is involved with uptake of transporting the toxic metabolite, MPP+ 

into the neuron (Chan et al. 1991; Kopin and Markey 1988; Nicklas et al. 1985; 

Przedborski and Jackson-Lewis 1998; Smeyne and Jackson-Lewis 2005; Zang and 

Misra 1993). Alterations in DAT can serve as a marker of dopaminergic cell health and in 

ZF can distinguish dopaminergic neurons from other catecholaminergic neurons 

(Holzschuh et al. 2001). There are methods to monitor DAT levels in ZF including 

transgenic lines, immunohistochemistry, and immunoblot (Holzschuh et al. 2001; Wen et 

al. 2008; Xi et al. 2011b). I hypothesize that if ziram causes specific dopaminergic cell 

toxicity, a reduction in DAT levels will be observed via immunoblot and 

immunohistochemistry. Examining alterations in DAT levels after ziram treatment may 

provide further evidence that ziram’s toxicity is specific for dopaminergic neurons.  

We used HPLC to determine if the change in TH and loss of GFP fluorescence in 

VMAT ZF correlated with alterations in DA levels.  We did not observe a change in DA 

levels between ziram-treated fish and vehicle controls as measured by HPLC. This lack 

of change may result from compensation of the remaining dopaminergic neurons in 

ziram treated fish. In many reviews of PD, it is has been suggested that motor symptoms 

of PD first appear when about 50-70% of substantia nigra dopaminergic neurons are 

lost, although it maybe as low as 31% (Dauer and Przedborski 2003; Lang and Lozano 
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1998; Marsden 1990; Ross et al. 2004). In this study we observed a 30-40% decrease in 

VMAT2 neurons in the telencephalic and diencephalic clusters, which may not have 

been high enough to cause a change in total DA levels.  

Overall, the findings that a decrease in TH and the loss of GFP fluorescence in 

VMAT2 clusters composed largely of dopaminergic neurons after ziram treatment, 

suggest that ziram’s neuronal toxicity is specific to dopaminergic neurons.   

 

Ziram alters ZF motor behavior 

To further study the effects of ziram on dopaminergic neurons, we analyzed 

behavior of embryos treated with ziram at 24hpf. Initially we attempted behavioral 

studies at 5dpf, as several groups have utilized ZF at this time point and earlier. 

However, the swim bladder of ZF does not inflate until 5dpf, and may actually inflate 

several hours later for individual embryos. As a result, we moved behavioral analysis 

studies to 7dpf. Utilizing a light/dark cycling scheme, we monitored the distance traveled 

by ZF larvae over a one-hour period. Additionally, we utilized a dopamine antagonist, 

haloperidol, and an agonist, apomorphine, as controls to determine if the effects of ziram 

were presynaptic or postsynaptic. We found that ziram significantly decreased 

locomotion in the dark but not in the light similar to treatment with haloperidol. This 

decrease in activity was reversed by apomorphine suggesting that the behavioral 

phenotype was due to a presynaptic dopamine deficiency. These results are consistent 

with the apparent loss of VMAT2:GFP neurons. Less specific neurotoxins decrease 

locomotion in both the light and the dark and would not be expected to be completely 

reversed by a dopamine agonist. For future studies it will be interesting to see if clinical 

drugs, such as levodopa (converted into dopamine within the brain), which is used to 

treat the motor symptoms of PD can reverse the behavioral effects seen with ziram 

(Henry and Scherman 1989). A recent study used a 6-hydroxydopamine (6-OHDA), 
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which was previously found to cause dopaminergic cell loss (Parng et al. 2007), to study 

effect of the drug on ZF locomotor activity. Treatment of ZF embryos with 6-OHDA 

caused alterations in locomotor activity, which were reversed using the clinical drug 

sinemet (carbidopa-levidopa (Feng et al. 2014). If levodopa were unable to reverse the 

behavioral effects observed in our study, this would further suggest that the effects of 

ziram are presynaptic. Another way to study if the effects of ziram are presynaptic, is to 

use the antipsychotic drug reserpine. The drug acts by irreversibly blocking VMAT and 

has previously been found to cause a parkinsoninan-like phenotype in rats, and alter 

behavior in adult ZF (Barcelos et al. 2011; Fumagalli et al. 1999; Henry and Scherman 

1989). If reserpine acts similarly in larval ZF to inhibit VMAT uptake (preventing 

dopamine release), we should simulate the loss of presynaptic neurons, and observe a 

similar behavioral phenotype to that seen with ziram. It is possible that reserpine will 

have off target effects on non-dopaminergic neurons as VMAT is expressed throughout 

the CNS, causing other changes in motor behavior (and possible survival).   

Here we have demonstrated that ziram, a pesticide that has been associated 

with increased risk for PD, is toxic to ZF at low doses. Further we have shown that 

ziram’s neuronal toxicity is specific for catecholaminergic and likely dopaminergic cells, 

an effect that can be seen in altered motor behavior of fish treated with the pesticide. 

Although ZF offer several advantages over other animal models when studying 

environmental toxins, there are a number of limitations that need to be considered.  In all 

of our studies, we used developing embryos whereas PD is a disease of aging. Embryos 

were exposed at 24 hpf and formation of the blood-brain barrier begins at approximately 

3 dpf (Fleming et al. 2013). Additionally, the metabolism of ziram might be different in ZF 

embryos compared to mammals since absorption at this early age may occur orally, 

dermally, or through the yolk. Despite these limitations, we believe our model is valid 

because the results are consistent with previous in vivo studies where ziram and maneb 
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have been shown to cause selective DA-cell loss (Chou et al. 2008; Thiruchelvam et al. 

2000).  

Understanding the mechanisms by which ziram causes dopaminergic cell toxicity 

will be invaluable for further understanding the etiology of PD. Previous studies from our 

lab have found that ziram inhibits E1 ligase of the ubiquitin proteasome system (Chou et 

al. 2008). Inhibition of the proteasome has been found previously in patients with PD 

(McNaught and Jenner 2001; McNaught et al. 2003), and has also been implicated in 

homeostasis of α-syn (Lindersson et al. 2004; McNaught et al. 2004; Stefanis et al. 

2001; Tanaka et al. 2001). Several studies have suggested that pesticides can alter α-

syn homeostasis in vivo and our group previously reported that ziram can cause α-syn 

levels to increase in dopaminergic neurons (Betarbet et al. 2000; Chou et al. 2008; Pan-

Montojo et al. 2012; Zharikov et al. 2015). This increase in α-syn levels via proteasome 

inhibition, may lead to further issues with autophagy, another degradation pathway in the 

cell. Changes in autophagic activity have also been implicated in PD, and studies have 

suggested that inhibition of this pathway can lead to neuronal toxicity (Boya et al. 2005; 

Cuervo and Dice 1996; Cuervo et al. 2004; Gitler et al. 2008; Martinez-Vicente et al. 

2008; Ravikumar et al. 2002; Tanik et al. 2013; Winslow and Rubinsztein 2011; Wu et al. 

2015). It is possible that alterations in synuclein may account for the specificity of ziram’s 

neuronal toxicity. Additionally, dithiocarbmate fungicides like ziram and benomyl have 

been found to cause dopaminergic cell toxicity through inhibition of aldehyde 

dehydrogenase (ALDH) and increase risk for PD (Fitzmaurice et al. 2013; Fitzmaurice et 

al. 2014). It is likely that ziram affects several different pathways within the cell, all of 

which when stressed can lead to cell death. For future studies, I propose to study the 

effect of ziram on protein degradation pathways and to determine if ziram’s toxicity is 

mediated via synuclein.  
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The implications of the studies above go far beyond understanding the etiology of PD. 

Ziram is still actively used in the central valley of California, and yet studies of its toxicity 

(specifically neurotoxicity) and regulation of the pesticide remains limited. It will be 

important for future studies to further characterize the mechanisms and associations by 

which the pesticide may increase risk for PD. On a regulatory level it will be important for 

regulatory agencies to update toxicity labels and to update PPE guidelines for ziram, so 

that the general public is more aware of the possible health risks associated with the 

pesticide. 
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Figure 1-1: Treatment with ziram at 5hpf results in notochord malformation 

 
Figure 1-1: Treatment with ziram at 5hpf results in notochord malformation: For 
embryos treated with ziram at 5hpf, notochord malformation was observed by 24hpf(a). 
Vehicle treated embryos did not have this confound (b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a	
   b	
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Figure 1-2: Ziram is toxic in a concentration dependent manner 

 
Figure 1-2: Ziram is toxic in a concentration dependent manner: ZF embryos (n=50) 
were treated with ziram at 24hpf, and survival was recorded over a 7-day period. For 
embryos treated with ziram at concentrations greater than 100 nM, survival was reduced 
by 80%. Log-Rank test was used for statistical analysis, p<.0001 
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Figure 1-3: Ziram is selectively toxic to aminergic neurons 

 
 
Figure 1-3: Ziram is selectively toxic to aminergic neurons 
In order to study ziram’s neurotoxicity in ZF, VMAT2 ZF embryos were exposed to 
vehicle (a) and 50 nM ziram (b) at 24hpf. Embryos were imaged at 5dpf via confocal 
microscopy, and a blinded reviewer conducted neuronal counts. A 30% decrease in 
telencephalic (c) and a 39% decrease in diencephalic neurons (d) were observed in 
ziram treated fish. n=5 per treatment. Scale bar = 500 µm. Two-tailed student t-test. 
*p<.05, **p<.01 
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Figure 1-4: Ziram is not toxic to sensory neurons 

 
 
Figure 1-4: Ziram is not toxic to sensory neurons 
In order to determine if ziram is selectivity toxic to aminergic neurons, we studied the 
effect of ziram on Rohon-Beard sensory neurons using Tg(sensory:GFP) ZF. Embryos 
were exposed to vehicle (a) and 50 nM ziram (b) at 24hpf. Embryos were imaged at 5dpf 
via confocal microscopy, and a blinded reviewer conducted neuronal counts. No 
significant difference in the number of sensory neurons was observed for ZF treated with 
ziram vs. vehicle controls. n=7 per treatment. Scale bar = 500 µm. Two-tailed student t-
test.  
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Figure 1-5: Ziram is not toxic to serotonergic neurons 

 
Figure 1-5: Ziram is not toxic to serotonergic neurons  
To determine if ziram is selectively toxic to dopaminergic neurons, we studied the effect 
of ziram on the Raphe Nuclei (serotonergic neurons) in VMAT2:GFP ZF. Embryos were 
exposed to vehicle (a) and 50 nM ziram (b) at 24hpf. Embryos were imaged at 5dpf via 
confocal microscopy, and a blinded reviewer conducted neuronal counts. No significant 
difference in neuron counts was observed for the Raphe Nuclei for ZF treated with ziram 
vs. vehicle controls. n=5 per treatment. Scale bar = 500 µm. Two-tailed student t-test.  
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Figure 1-6: Ziram treatment results in reduction of TH-1 levels 

 
 
Figure 1-6: Ziram treatment results in reduction of TH-1 levels 
Using western blot analysis, the effect of ziram (50 nM) on TH-1 levels was investigated. 
Embryos were exposed to vehicle (a) and 50 nM ziram (b) at 24hpf and protein 
measurements were taken at 5dpf.  A 63% (*p-value = .03) reduction in TH-1 was 
observed for embryos treated with 50 nM ziram vs. controls (n=4). two-tailed student t-
test. *p<.05 
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Figure 1-7: Ziram causes alterations in ZF motor behavior  
 

 
 

Figure 1-7: Ziram causes alterations in ZF motor behavior  
ZF were treated with 50 nM ziram or vehicle at 24hpf.  Movement was tracked for ZF at 
7 dpf. Distance’s greater than 2 mm were tracked under an alternating light (yellow)/dark 
cycle (grey) (a).  A 24.7% decrease (p<.05) in distance traveled during periods of dark 
was observed in ziram-treated ZF relative to vehicle-treated ZF(b) but no significant 
difference was observed in the light (c). A similar pattern of swimming, less in the dark 
but no difference in the light, was measured when ZF were treated with the dopamine 
antagonist haloperidol (b and c).  The dopamine agonist apomorphine increased 
swimming to a similar degree in the ziram-treated and control ZF suggesting that the 
post-synaptic dopaminergic system remains intact. No significant difference in motor 
behavior was observed for ziram + apomorphine vs. apomorphine alone for light or dark 
conditions. All treatment groups were compared to vehicle control for statistical analysis. 
n=24 per treatment. *p<.05, ***p<.001, ****p<.0001, one way ANOVA. 
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Figure 1-8: Ziram does not alter levels of DA and DOPAC  

 
 

Figure 1-8: Ziram does not alter levels of DA and DOPAC  
We measured levels of dopamine and DOPAC by HPLC for fish (100 fish per treatment 
group) treated with 50 nM ziram and vehicle at 24hpf. No significant differences in levels 
of DA or DOPAC were observed for ziram-treated fish vs. vehicle-treated fish. n=6. Two-
tailed student t-test. 
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Chapter 2 
	
  
Introduction 

 

The	
  general	
  function	
  of	
  α-syn is not well understood but it appears to have a 

prominent role in Parkinson’s disease. Several studies have examined the toxicity of α-

syn in vitro and in vivo and found that oligomeric forms of the protein can be toxic to 

neurons. Understanding how pesticides alter synuclein homeostasis and affect cell 

health is important to understanding the etiology of PD and producing therapeutics.  

 

α-syn and Pesticides: 

The role of α-syn in PD is not well understood and the connection between 

pesticides and α-syn is even less understood. Although small, the number of 

epidemiological studies implicating pesticides as a risk factor for PD are strong and have 

continued to grow. A recent study examined a population of individuals with different 

mutations in the REP1 promoter (previously associated with higher risk for PD), and 

found that individuals with SNCA REP1 genotype (259) had an increased risk for 

developing PD when exposed to high levels of paraquat (Gatto et al. 2010; 

Hadjigeorgiou et al. 2006; Maraganore et al. 2006; Myhre et al. 2008; Rajput et al. 

2009). This was one of the first epidemiological studies to show a correlation between 

pesticide exposure and a known α-syn mutation. A study prior to this had suggested that 

there was no correlation between pesticide exposure and mutations in REP1(Brighina et 

al. 2008), however, their data was based on self reporting for pesticide exposure, vs. the 

Gatto study which utilized pesticide use reports to calculate exposure data.  
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In vitro and in vivo studies have added further support for alterations in α-syn 

homeostasis as one of the mechanisms of neurotoxicity of pesticides. One of the first 

studies to demonstrate this used the pesticide rotenone in vivo. Betarbet et al. examined 

the effect of infusing rats with rotenone at doses varying from 1 to 12mg/kg. For rats 

exposed to rotenone, the group observed a significant loss of TH stained cells in the 

substantia nigra, but not the ventral tegmental area, similar to what is observed in 

idiopathic PD. Most interestingly, for rats that had dopaminergic degeneration, 

cytoplasmic inclusions were observed in nigral neurons. Further, these inclusion bodies 

contained ubiquitin and α-syn, the latter of which had a granular appearance similar to α-

syn inclusion bodies observed in trarsngenic α-syn mice (Betarbet et al. 2000). Several 

studies after the Betarbet study have shown a similar effect of pesticides on α-syn 

homeostasis. Mice expressing the A53T mutant of α-syn (M83) and treated with 

paraquat and maneb were found to have an increase in α-syn pathology, specifically the 

amount of inclusion bodies in the brain stem, striatum, and thalamus was higher vs. 

transgenic mice treated without paraquat and maneb. Additionally, an increase in the 

amount of α-syn fibrils in axon terminals was observed for mice treated with the 

pesticides (Norris et al. 2007).  

Another in vivo study found that low dose chronic exposure to rotenone caused 

an increase in selective dopaminergic degeneration in the substantia nigra. Similar to 

previous rotenone studies in rodent models, chronic exposure to rotenone at low doses 

resulted in cytoplasmic aggregation of α-syn in nigral neurons (Sherer et al. 2003).  Most 

interestingly, two recent studies have suggested that chronic low dose exposure to 

rotenone not only induces accumulation of α-syn synuclein, but that α-syn is then 

released and taken up by other neurons, further suggesting that α-syn acts as prion 

(Pan-Montojo et al. 2010; Pan-Montojo et al. 2012). Further hemivagotomy and partial 

sympathectomy prevented the spread of synuclein and protected against dopaminergic 
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cell death in mice (Pan-Montojo et al. 2012).  The implications of these studies are that 

environmental toxins act as an insult on the system, altering α-syn homeostasis, which 

can then spread as a prion and cause staging similar to the Braak model. Further this 

suggests that environmental toxins, specifically pesticides maybe directly causal for the 

spread of a toxic protein implicated in PD.  

 

Pesticides, α-syn, and protein degradation:  

Although in vivo and epidemiological studies have suggested that pesticides may 

alter α-syn homeostasis, how this occurs and why α-syn aggregates remains unclear.  

The ubiquitin proteasome system (UPS) is one of the degradation pathways 

within the cell that is responsible for degrading misfolded proteins like α-syn. The 

process of degradation via the proteasome begins with ubiquitination of proteins. 

Ubiquitin is attached to the protein to be degraded (substrate) via several enzymes. 

E1,E2, and E3 (also known as Parkin) ligase(s), are involved with activation of ubiquitin 

via ATP  reactions and for transferring ubiquitin to the substrate. E1 ligase is responsible 

for activating ubiquitin via an ATP reaction, generating a high-energy thiol ester 

intermediate as reviewed by (Ciechanover and Iwai 2004). E2 ligase then transfers the 

activated ubiquitin from E1 via another thiol ester intermediate to E3 ligase, which is 

bound to the substrate. In the final step of the reaction, E3 catalyzes the conjugation of 

ubiquitin to the substrate. In some cases, E4 another ligase, is involved with elongating 

the ubiquitin chain to a substrate. Following conjugation with ubiquitin the substrate is 

transferred to the 26S proteasome for degradation.  

The 26S proteasome is composed of two components, the 20S, which is involved 

with the catalytic activity of the proteasome. The 19S proteasome is involved with 

regulation. The 19S recognizes ubiquinated protein and is involved with allowing the 

substrate entrance into the proteolytic chamber (Ciechanover and Iwai 2004). Before 
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degradation proteins are unfolded by a variety of ATPases and then transported into the 

proteolytic chamber to be cleaved in smaller peptides as reviewed by (Ravid and 

Hochstrasser 2008). Following degradation, ubiquitin is recycled by several enzymes 

and can be reused for the degradation process.   

Studies from our lab have shown that several pesticides can inhibit the UPS. 

Benomyl, rotenone, ziram, and several other pesticides were found to inhibit the 

proteasome at 10uM (and at 1uM for both ziram and rotenone) (Wang et al. 2006). 

Another study by our group examining the mechanisms of toxicity of ziram, found that in 

vitro, ziram causes dopaminergic cell death via inhibition of E1 ligase of the proteasome.  

Ziram caused selective dopaminergic cell toxicity in primary culture, and western blot 

analysis found that cells treated with ziram had a decrease in total ubiquination vs. cells 

treated with lactacystin (inhibition of 20S UPS) and rotenone. This suggests that ziram 

acts by inhibiting E1 ligase of the proteasome, which as discussed above is involved 

with activating ubiquitin. Further, in addition to inhibition of E1 ligase of the proteasome, 

α-syn levels were increased in TH+ neurons, further suggesting that ziram alters α-syn 

homeostasis by disrupting the UPS.  

Although the evidence for pesticides increasing risk of developing PD via 

proteasome inhibition is small, alterations in α-syn homeostasis leading to increased 

neuronal toxicity is not. Increased cellular levels of α-syn have been found to be toxic 

through a variety of studies but the exact cause of their toxicity is not well understood. 

What has been suggested is that the degradation systems (the UPS and Autophagy) of 

the cell are overworked, or in the case of pesticides inhibited or rendered ineffective. 

Inability of the degradation systems to compensate for an increase in cellular levels of α-

syn is one problem, but studies have demonstrated that α-syn itself can inhibit the UPS 

and autophagy, further taxing the cell and potentially causing toxicity.   
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As discussed earlier, decreased proteasome function has been observed in 

patients with PD (McNaught and Jenner 2001). Further in vitro studies have supported 

this finding. In PC12 cells, expression of human wt α-syn or mutant α-syn caused a 

decrease in chymotryptic-like, tryptic-like, and postacidic activities (Tanaka et al. 2001). 

Additionally, treatment with the proteasome inhibitor lactacystin and overexpression of α-

syn resulted in an increase in apoptotic cell death. A similar effect of proteasome 

inhibition and alterations in α-syn has been observed in vivo. In rats exposed to 

proteasome inhibitors over a two-week period, depletion of striatal dopamine, an 

increase in dopaminergic cell death, and neuro-inflammation were observed. Most 

interestingly, in rats treated with proteasome inhibitors, intracellular protein accumulation 

and intracytoplasmic inclusions were observed in neurons of the substantia nigra 

(McNaught et al. 2004). Immunoreactivity studies on the inclusion bodies, stained 

positive for α-syn and ubiquitin. Additionally, these inclusion bodies stained positive for 

thioflavin-S, indicating the presence of β-pleated sheets, similar to Lewy bodies found in 

PD patients. It is likely that inhibition of the proteasome leads to aggregation of α-syn, 

after which oligomeric and aggregated forms of α-syn may inhibit the proteasome 

further. Lindersson et al found that both oligomeric and filamentous α-syn can inhibit the 

20S proteasome (Lindersson et al. 2004). Specifically, filamentous α-syn forms β-

pleated sheets and was found to inhibit chymotrypsin activity by as much as 60%. 

Similarly oligomeric forms of α-syn were also found to inhibit chymotrypsin activity of the 

proteasome. Interestingly, heat shock protein 70 (HSP70), which is also involved with 

the degradation of proteins via chaperone mediated autophagy, was found to attenuate 

the toxicity of filamentous α-syn.  

 

Autophagy 
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Autophagy is a degradation process within the cell by which proteins (insoluble), 

misfolded proteins, and organelles are degraded. There are three different types of 

autophagy, chaperone-mediated autophagy, macroautophagy, and microautophagy. 

Dysfunction of autophagy in PD has been suggested by post mortem examination of 

patients with PD, as increases in the number of lysosome-like vacuoles have been found 

in DA neurons of patients (Anglade et al. 1997). The role of autophagy in PD is unclear, 

but both macroautophagy and CMA are involved in degradation of α-syn (Cuervo et al. 

2004; Huang et al. 2012; Martinez-Vicente et al. 2008; Stefanis et al. 2001; Tanik et al. 

2013; Vogiatzi et al. 2008; Webb et al. 2003; Winslow and Rubinsztein 2011) and may 

have a greater role in clearance of aggregates than the proteasome (Petroi et al. 2012). 

 

Chaperone-mediated autophagy  

Chaperone-mediated autophagy (CMA) degrades proteins after transporting 

them to the lysosomal membrane. All proteins degraded via CMA (substrate), have the 

peptide-targeting sequence (KFRERQ), which is recognized by heat shock proteins 

(HSP; specifically HSP-70) acting as chaperones. Following binding of the chaperone to 

the substrate, the complex is transported to and interacts with the lysosomal-associated 

membrane protein type 2a (lamp2a) (Cuervo and Dice 1996). Once bound to lamp2a, 

the targeted protein is transported into the matrix of the lysosome, and degraded by 

lysosomal proteases (Cuervo and Dice 2000). Previous studies have suggested that 

CMA is the primary method of autophagy for degrading α-syn, although mutated forms of 

α-syn have been found to inhibit CMA. In one study, both wt, A30P and A53T variants of 

α-syn were found to bind with lamp2a, however, only wt α-syn was taken into the 

lysosome and degraded. Both mutant variants of α-syn bound lamp2a stronger than wt 

α-syn, but were not translocated into the lysosomal lumen for degradation (Cuervo et al. 

2004). Interestingly, the structure of synuclein can alter whether CMA can degrade the 
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protein. In a study looking at the degradation of monomer, dimer, and oligomeric forms 

of α-syn via CMA, only the monomer and dimer were translocated into the lysosomal 

matrix for degradation (Martinez-Vicente et al. 2008). Additionally, in the same study 

increases in intracellular dopamine were found to inhibit CMA, and increase activity of 

another autophagy pathway, macroautophagy.  

 

Macroautophagy 

Macroautophagy is another autophagy pathway by which α-syn can be 

degraded. In macroautophagy, substrates are sequestered into autophagosomes 

(double membrane vesicles). Once the proteins/organelles for degradation are 

sequestered in the autophagosome, the complex is translocated to the lysosome. The 

autophagosome then fuses with the lysosome, and releases the inner single membrane 

into the lysosome for degradation. Many of the early studies on macroautophagy were 

performed in yeast. Use of this model led to the discovery of several autophagy related 

genes/proteins (Atg; 31 have been identified to date), which are important throughout the 

formation of the autophagosome and eventual degradation within the lysosome. Many of 

the Atg proteins are part of subgoups that are involved with individual components of the 

autophagosome. For example, Atg 2,9, and 18 are involved with membrane delivery to 

the developing phaophore, while Atg 3,4,5,7,8,10,12, and 16 are involved with 

expansion of the autophagosome. For studies conducted in this dissertation, we will 

focus on Atg8, as this has been used and developed as a marker of autophagy. Atg8 

proteins are essential for macroautophagy, however their exact role in autophagy is not 

well understood. Atg8 appears to have a role in biogenesis of the autophagosome as 

well as recruitment of cargo into the autophagosome as reviewed by (Shpilka et al. 

2011). With regards to autophagosome biogenesis, studies of Atg8 in yeast, suggested 

that the protein is involved with determining the size of autophagosomes, specifically by 
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regulating elongation of the autophagosome membrane and also indirectly regulating 

levels of autophagy (H Abeliovich et al. 2000; Nakatogawa et al. 2007; Xie et al. 2008). 

Additionally, because Atg8 is the only Atg protein associated with both immature and 

mature autophagosomes, it is used as a marker of autophagosome formation and 

general marker of autophagic flux. Specifically, one of the subfamilies of Atg8, 

microtubule-associated protein 1 light chain 3 (LC3) is used widely in the autophagy field 

as a marker. There are two forms of LC3 found in the cell, LC3-I and LC3-II, which are 

formed by cleavage of proLC3, the full-length precursor protein. LC3-I is a 18kDa protein 

found with in the cytoplasm of cells, while LC3-II is a 16kDa protein found in the 

membrane of the autophagosome, and at least partially on the surface of the 

autophagosome (Kabeya et al. 2000). For in vitro studies, under starvation conditions, 

levels of LC3-II increased significantly, and an increase in the number of 

autophagosomes was observed, suggesting that levels/amount LC3-II can be used as a 

marker of autophagy. Because of this, LC3 has been fused with GFP to serve as a 

marker of autophagic flux (Kabeya et al. 2000; Mizushima et al. 2004). In this 

dissertation we utilize LC3 to study alterations in autophagic flux that may result from 

pesticide treatment.  

 

Macroautophagy and α-syn 

Although CMA has been suggested as the primary mechanism of autophagy for 

degrading α-syn, recent studies have suggested that macroautophagy may also have a 

significant role in degradation of α-syn (especially for those forms which cannot be 

degraded by CMA). Webb et al. demonstrated that α-syn can be degraded by the 

proteasome and macroautophagy in vitro by using several inhibitors and activators of the 

degradation pathways. Further they showed that mutant and aggregated forms of α-syn 

detected within lysosomes can be degraded via macroautophagy after using rapamycin, 
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an inducer of autophagy (Webb et al. 2003). Although limited, studies have 

demonstrated that while macroautophagy can clear α-syn, the protein itself can also 

inhibit macroautophagy. Overexpression of α-syn in vitro was found to decrease both 

LC3-II protein levels and the number of vesicles and was rescued by knocking down α-

syn (Winslow and Rubinsztein 2011). In vivo a similar effect was observed in mice 

overexpressing α-syn levels, as LC3-II were decreased in a α-syn dose dependent 

manner. Additionally, it was found that α-syn and knockdown of Rab1a, which is involved 

with endoplasmic reticulum to golgi trafficking and was previously found to be altered by 

α-syn (Gitler et al. 2008), affected the formation of the omegasome (a precursor to the 

autophagosome), through mislocalization of Atg9 (Winslow and Rubinsztein 2011). 

Similar to previous studies that suggested that aggregated forms of α-syn were not 

translocated into the lysosome via LAMP2A, Tanik et al. found that aggregated forms of 

α-syn, did not co-localize with Lamp1. Even when the autophagy pathway was induced 

using rapamycin, no change in aggregated synuclein was observed, although α-syn 

inclusions were found to associate with autophagy machinery and an increase in LC3-II 

was observed. To determine whether the increase in LC3-II was from an increase in 

synthesis of autophagosomes vs. a lack of degradation of autophagosomes, inhibitors of 

lysosomal degradation were utilized (Tanik et al. 2013). Interestingly, α-syn did not 

inhibit the formation of autophagosomes, but rather appeared to interfere with their 

clearance.  

Several studies have found that pesticides can alter α-syn homeostasis as 

discussed above, but very few studies have examined the effect of pesticides on 

autophagy in neurodegenerative disease. A recent study looked at the effects of 

Rotenone on autophagic flux both in vitro and in vivo. Dopaminergic neurons treated 

with rotenone were found to have an increase in accumulation of α-syn, double 

membrane structures (presumed to be stalled autophagosomes), and an increase in 
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LC3-II protein levels (Wu et al. 2015). Additionally, lysosomal dysfunction was observed 

for neurons treated with rotenone, specifically a reduction in lysosomal integrity. This 

was one of the first studies to examine the effect of a pesticide known to alter α-syn 

homeostasis, and demonstrate that pesticides may directly alter autophagy, a pathway 

associated with neurodegenerative disease.  

 

Zebrafish as a model to study the effects of pesticides on synuclein homeostasis 

As discussed previously, zebrafish (ZF) are an excellent model for studying 

neurodegenerative disease because of the similarity of their nervous system to humans, 

utility as genetic model, transparency during development, and ability to do studies with 

large sample sizes. Previous studies from our lab have examined the effect of 

overexpessing human α-syn in ZF. We found that α-syn overexpression in developing 

ZF caused α-syn to aggregate and resulted in neuronal toxicity and reduced survival by 

3 days post fertilization (Prabhudesai et al. 2012). Here we propose to use ZF as a 

model to study the effects of ziram, a pesticide associated with increased risk for PD, on 

endogenous ZF synuclein homeostasis.  

 

Zebrafish Synuclein 

ZF have three different types of synuclein: γ1, γ2, and β, however, ZF do not 

have an orthologue of α-syn. All ZF synucleins (zSyns) have sequence similarity to the 

corresponding human synucleins. Based on synteny maps, it appears that both γ 

synucleins and β synuclein in ZF and humans are derived from a common ancestral 

locus. zSyn γ1 and γ2  are very similar, and likely arose from a duplication event of an 

ancestral locus (Milanese et al. 2012). Sequence analysis of zSyns found that zSyn β is 

82% similar to human β synuclein, whereas zSyn γ1 is 47% similar to human γ syn, and 

zSyn γ2 is 50% similar to human γ syn (Sun and Gitler 2008). One of the differentiating 
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factors of α-syn from other human synucleins is a 12 residue hydrophobic region, 

however, this motif is not found in any of the zSyns. Where the zSyns are expressed 

varies throughout the development of the ZF. zSyn γ1 begins expressing at 26hpf and is 

found in the spinal cord neurons, the hind brain, and cranial ganglia (Milanese et al. 

2012; Sun and Gitler 2008). zSyn γ2 expression begins earlier than γ1 but its expression 

is restricted to the notochord. zSyn β is the earliest expressed zSyn and is found 

throughout the diencephalon, olfactory, cranial ganglia, and ventral tegmentum. In areas 

where cathetcholaminergic (specifically dopaminergic) neurons are found including the 

telencephalon, diencephalon, and hindbrain, both zSyn β and γ1 are co-expressed 

(Milanese et al. 2012).  

In a study where both zSyn β and γ1 were either individually or knocked down 

together, ZF embryos were found to develop normally but were found to have abnormal 

neurobehavior (Milanese et al. 2012). Further, in ZF in which Syn β and γ1 were 

knocked down, a decrease in the number of dopaminergic neurons was observed. 

Interestingly when α-syn was expressed in these knockdown fish, the number of 

dopmaniergic cells was similar to controls. This data suggests that zSyn β and γ1 are 

essential for the development and differentiation of dopaminergic neurons in ZF, and 

may have a similar function to α-syn.  

In this study we investigate the role of ZF γ1 in ziram’s neuronal toxicity. We 

demonstrate for the first time that ZF γ1, a functional homologue of human α-syn, is able 

to aggregate and form fibrils similar to α-syn in vitro and can aggregate and act as an 

amyloidogenic protein in vivo. Further we demonstrate that ziram’s proposed mechanism 

of toxicity, inhibition of the proteasome, is conserved in our ZF model, and that treatment 

with ziram alters levels of ZF γ1 in vivo. Finally, using anti-sense technology and a 

pharmaceutical intervention, we demonstrate that ziram’s toxicity is mediated via ZF γ1. 



	
   61	
  

These studies demonstrate that ziram, a pesticide that has previously been implicated 

as a toxin that increases risk for PD, mediates its toxicity through synuclein.  

 

Methods 

 

Zebrafish 

ZF lines (AB unless other wised stated) were bred and maintained at 28 °C in 

recirculating water tanks on a regulated 14h light/10h dark cycle and fed twice a day with 

brine shrimp. All experiments were carried out in accordance with UCLA Animal 

Research Committee protocols. ZF expressing GFP driven by the vesicular monoamine 

transporter promoter (VMAT2:GFP) were purchased from the UCLA core facility and 

used in this study to identify VMAT2 (dopaminergic, (nor)adrenergic, serotonergic) 

neurons in whole embryos (Wen et al. 2008). Peripheral sensory neurons (trigeminal 

and Rohon-Beard) were visualized using the Tg(isl1[ss]:Gal4-VP16,UAS:EGFP)zf154 

transgenic line, which has been referred to as Tg(sensory:GFP), and were obtained from 

Dr. Sagasti (Sagasti et al. 2005). 

A ZF γ1-synuclein expression construct (γ1-DsRed) composed of a T2A 

bicistronic configuration, driven by the HuC neuronal promoter and expressing 

monomeric DsRed, was used as previously described (Prabhudesai et al. 2012). The 

T2A sequence is cleaved after translation generating two proteins from a single open 

reading frame and resulting in stoichiometric expression of the gene of interest and the 

fluorescent reporter (Tang et al. 2009). ZF embryos were injected with HuC-ZFγ1-T2A-

DsRed or HuC-DsRed (control) cDNA (50ng/µL) at the single cell stage.   



	
   62	
  

A CMV:GFPu (degron) expression construct that has previously been 

characterized in vitro, was used here to monitor changes in proteasome inhibition after 

ziram treatment.  

High expression of GFP was observed 24 hours post injection, suggesting that 

proteasome machincery had not matured/developed to a point where degradation of the 

degron could occur. By 48hpf, GFP fluorescence was reduced almost completely. In 

order to study the possible effects of proteasome inhibition we waited until 48hpf and 

screened for embryos in which GFP fluorescence was absent. Embryos were then 

treated with ziram or vehicle at concentrations described above and images at 72hpf for 

GFP positive cell counts. 

Morpholinos (Gene Tools LLC, Philomath OR) were injected (0.1mM) at the 

single-cell stage for ZF γ1 (CATTAGAACATCCATCCTGGACGCT, translational 

blocking) or non-targeting/scrambled (CCTCTTACCTCAGTTACAATTTATA), as 

previously described (Milanese et al. 2012). The molecular tweezers CLR01 and CLR03 

were prepared and purified as sodium salts, as described previously (Fokkens et al. 

2005; Talbiersky et al. 2008). Specificity of the ZF γ1 morpholino (MO) was validated by 

SDS PAGE (see Figure 2-2). 

 

Zebrafish Treatments  

  ZF embryos, 25-35 per treatment in 10 mL of E3 media (15mM NaCl, 0.5mM 

KCl, 1.0mM MgSO4, 0.15mM KH2PO4, 0.05mM Na2HPO4, 1.0mM CaCl2, 0.7mM 

NaHCO3), were reared at 32 °C and exposed to varying concentrations of ziram (98.5% 

purity, Chem Service, West Chester PA). Embryos were exposed to 1 nM-1 µM 

(0.01%DMSO) ziram in E3 media at 5 hours post-fertilization (hpf) or 24 hpf in a 6-well 

plate for 5 days for confocal microscopy and 7 days post fertilization (dpf) for behavior. 

Embryos treated with ziram at 5 hpf developed notochord defects as previously 
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described (Haendel et al. 2004; Teraoka et al. 2006), so embryos were treated at 24 hpf 

to avoid this confound unless otherwise stated.  The concentrations of ziram used for the 

study were well below those used for spraying (approximately 8 mM) (Agency 2015) and 

necessary for fungicidal activity (30 uM) (Briquet et al. 1976). VMAT2:GFP embryos 

were co-treated with 10µM CLR01 (Fokkens et al. 2005; Prabhudesai et al. 2012; Sinha 

et al. 2011) and 50 nM ziram. Log-Rank test was used for statistical analysis.  

 

Confocal Microscopy  

  3 dpf and 5 dpf VMAT2:GFP embryos were anesthetized using Tricane-S 

(Western Chemicals Inc., Ferndale WA) at a final concentration 50 µg/mL, fixed in 4% 

paraformaldehyde (PFA) overnight and mounted in 2% low-melting agarose. Embryos 

were imaged at 20X using a Zeiss LSM 510 microscope. Approximately 100 1.1 µm 

optical sections were obtained for each embryo. Section images were stacked and 

reconstituted into 2D and 3D images using ImageJ (National Institutes of Health). 

Neuron count analyses were conducted in a blinded manner as previously described 

(Fitzmaurice et al. 2013). For MO and CLR01 studies, neuron counts for treatment 

groups were normalized to injection and treatment controls to account for variances in 

fish clutches between days and for treatment and injection survival. Student’s t-test was 

used for statistical analysis. 

 

Histology 

ZF embryos were dechorinated at 2 dpf, fixed in 4% PFA for 24 hours, immersed 

in 30% sucrose overnight and cryosectioned (10-µm). For thioflavin S (ThS) staining, 

sections were immersed in 0.5% ThS dissolved in PBS (Sigma-Aldrich, St. Louis MO), 
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washed with ethanol (80%), and then mounted with Vectashield+Dapi (Vector 

Laboratories, Burlingame CA).   

Polyclonal antibodies specific for ZF γ1 were raised using a C-terminal peptide 

CDFSHGGMEGGEGGE (Genscript, Piscataway NJ). These antibodies bound 

specifically to ZF γ1 at the predicted mass (17 kDa) in ZF embryos and to recombinant 

γ1 (Figure 2-1). Furthermore, the ZF γ1 band in Western blots was markedly reduced in 

ZF, after pre-absorption with the ZF γ1 peptide used to raise the antibody (Figure 2-1). 

Anti-ZF γ1 antibodies did not recognize any rodent brain proteins (Figure 2-1). 

For immunohistochemistry, sections were blocked in 10% normal goat serum (Jackson 

Labs, Bar Harbor ME), incubated with anti-ZF γ1 antibody (1:1000) followed by 

incubation with an anti-rabbit-Alexa-Fluor 568 antibody (1:500, Life Technologies, Grand 

Island NY). The sections were then mounted with Vectashield+Dapi. 

 

Western and Native Blots 

ZF embryos (5 dpf) were anesthetized as described above, pooled (35 embryos 

per treatment), de-yolked, lysed, and sonicated in either 1X-SDS buffer or 1X-Native 

PAGE sample buffer (Life Technologies). Protein concentrations were determined using 

the BCA protein assay (Thermo-Fisher, Rockford IL). 75µg of protein was loaded onto 

SDS-PAGE or Native-PAGE gels and transferred using the XCell-II blotting system (Life 

Technologies). Membranes were probed with ZF γ1 1° antibody (1:2500 dilution), or TH 

1° antibody (1:2500, MAB 318: Millipore) followed by donkey anti-rabbit HRP 2° antibody 

(1:2500 dilution, Santa Cruz Biotechnology, Dallas TX). Chemiluminescent substrate 

(Super Signal West Dura, Thermo Scientific) was used for band visualization. α-Tubulin 

(1:500, Sigma-Aldrich) was used as a loading control. Student’s t-test was used for 

statistical analysis.  
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Expression and purification of zebrafish synuclein  

 Competent BL21 (DE3) E. Coli bacteria were transformed with a plasmid 

containing the ZF synuclein gene, allowed to grow in 3 L Luria broth to OD600 ≈ 0.8, 

induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside and incubated for 3 

additional hours. The bacteria were collected by centrifugation for 15 min at 4,690 × g 

and resuspended in 60 mL of lysis buffer containing 0.2 M Tris, 1 mM EDTA, pH 8.0, 

supplemented with Halt EDTA-free protease inhibitor cocktail (Thermo Scientific). The 

bacteria then were lysed on ice using a tip sonicator set to 3 KJoule for 3 × 2 min cycles 

of 3 sec power on and 3 sec power off. The lysate was centrifuged at 31,920 × g for 20 

min and the supernate was collected. The proteins were precipitated from the 

supernatant by addition of 0.23g/ml ammonium sulfate. The solution with the ammonium 

sulfate was stirred on ice for 20 min and centrifuged at 31,920 × g for 20 min. The 

supernatant was discarded and the protein pellets were dried. The pellets were 

resuspended in 40 mL of 20 mM Tris, pH 8.0, and the resulting solution dialyzed 

overnight against 4 L of the same buffer. The crude protein mixture was fractionated 

using ion-exchange Q columns (GE Healthcare, Piscataway, NJ) and a 100 mL gradient 

ranging from 0 to 1.0 M NaCl in 20 mM Tris, pH 8.0. The protein was purified further by 

size exclusion chromatography using a 2.15 × 600 mm TSK-gel G3000SW column 

(Tosoh Biosciences, San Francisco, CA) with elution buffer comprising 100 mM sodium 

sulfate, 25 mM sodium phosphate, and 1 mM sodium azide, pH 6.5. Finally, the fractions 

containing purified ZF synuclein were dialyzed against 10 mM sodium phosphate, pH 

7.4. The purity of the protein was assessed by SDS-PAGE and Coomassie blue staining. 

 

Thioflavin T fluorescence assays 

A concentrated protein solution was thawed on ice and filtered through a 0.2 µm 

filter prior to the fibril formation assay. Fibril formation assays were performed with 150-
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µM ZF γ1 or human α-syn as a positive control in 10 mM sodium phosphate, pH 7.4, and 

10 µM thioflavin T (ThT). ThT is used for identification and staining of amyloid fibrils 

(Biancalana and Koide 2010). For inhibition assays with molecular tweezers, ZF γ1 was 

used at 100 µM. Stock solutions were made by dissolving CLR01 or CLR03 at 10 mM in 

10 mM sodium phosphate, pH 7.4.  CLR01 and CLR03 were added at the molar ratios 

indicated.  

All assays were performed in black, Nunc 96-well optical bottom plates (Thermo 

Scientific). Teflon balls (1/8 inch in diameter) were distributed into each well of the 96-

well plate. Then, 200 µL of solution (four replicates per sample) were pipetted into each 

well. The plate was agitated at 300 rpm with a 3-mm rotation diameter in a Varioskan 

microplate reader (Thermo Scientific) at 37 °C. Fluorescence measurements were 

recorded every 10-15 min by using λex = 444 nm, λem = 482 nm, with an integration time 

of 200 µs.  

The ThT fluorescence signal was corrected for the background by subtracting the 

mean fluorescence signal acquired during the first couple of hours from the start of the 

assay. The fluorescence signal was normalized by dividing each measurement by the 

mean signal collected for 2–4 h during which the fluorescent reading had the largest 

value. If one of the sample replicates had fluorescence reading close to the background, 

its fluorescence was normalized by dividing it by the mean fluorescence reading of the 

remaining replicates. The data were smoothed by substituting each data point with the 

average value calculated using six data points collected before and after the point and 

the point itself. This is equivalent to central moving average with a sliding thirteen-data-

point-wide window. The normalized fluorescence signal of ZF γ1 and CLR01 (ratio 1:1) 

and ZF γ1 and CLR01 (1:10), and ZF γ1 and CLR03 (1:10) were calculated using the 

averaged fluorescence signal of maximum fluorescence acquired from the assays of ZF 

γ1 alone. 
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Transmission Electron Microscopy (TEM) 

Negatively stained specimens for TEM were prepared by applying 5 µL of sample 

onto hydrophilic, 400-mesh, carbon-coated formvar support films mounted on copper 

grids (Ted Pella, Inc.). The samples were allowed to adhere for 3 min, rinsed twice with 

distilled water and stained for 1 min with 1% uranyl acetate. Grids were examined on 

JEM1200-EX (JEOL) or T12 (FEI) microscopes. 

 

Statistical Analysis 

Statistical analyses were performed using Student’s t-test, log-rank, and one-way 

ANOVA where appropriate.  A minimum significance level was set at p<0.05 for all 

studies. 
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Results 

 

ZF γ1 synuclein forms aggregates in vitro and in vivo 

Several studies have suggested that α-syn, specifically aggregates and 

oligomers are central to the pathophysiology of PD. Our group previously found that 

ziram increased levels of α-syn in dopaminergic neurons in primary culture, likely 

through inhibition of the proteasome (Chou et al. 2008; Wang et al. 2006). Additionally 

our group also found that when overexpressed in ZF, α-syn had the propensity to form 

aggregates and further inhibited the proteasome. In order to study the effect of ziram on 

endogenous ZF synuclein, we needed to characterize the aggregation potential and 

potential toxicity of ZF synuclein. However, there are three isoforms of ZF synuclein, 

(β,γ1, and γ2), all three of which have previously been partially characterized in ZF but 

none appear to be the exact orthologue to human α-syn (Milanese et al. 2012; Sun and 

Gitler 2008). Both β and γ1 are expressed widely throughout the developing brain, while 

γ2 is expressed primarily in the notochord (Chen et al. 2009). Additionally, only β and γ1 

are expressed in TH neurons, and thus were of interest to this study. Because γ1 

synuclein contains N-terminal repeats and hydrophobic regions similar to that of α-syn, 

and expression of human α-syn rescues behavioral defects of γ1-deficient ZF embryos 

(Milanese et al. 2012), we investigated the propensity of ZF γ1’s to aggregate and 

induce toxicity in vitro and in vivo. Recombinant human α-syn (hSyn) and ZF γ1 were 

incubated over a 70 h period and monitored for β-sheet formation using ThT 

fluorescence. Additionally the morphology of each sample was examined at the end of 

aggregation reactions by TEM (Sinha et al. 2012). The ThT fluorescence in the hSyn 

samples began to increase following a lag phase of ~10 h and reached a plateau at ~55 
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h (Figure 3A). In the ZF γ1 samples, the lag phase was shorter, ~7 h, and the kinetics of 

ThT fluorescence increase was faster, reaching a plateau by ~25 h (Figure 2-3a).  Both 

proteins formed abundant fibrils as determined by TEM though the fibrils differed in 

length. hSyn formed long fibrils, ≥1 µm in length with a diameter of 10 +/- 1 nm (Figure 

2-3b), whereas ZF γ1 formed 20-740 nm long fibrils with a diameter of 9 +/- 2 nm (Figure 

2-3c). This difference in length and abundance of the fibrils can be attributed to ZF γ1’s 

shorter nucleation rate, as reflected by the shorter ThT fluorescence lag phase relative 

to hSyn. Here we demonstrated that ZF γ1 is an amyloidogenic protein that has the 

ability to form β-sheet-rich fibrils similarly to other amyloidogenic proteins, and most 

relevantly α-syn. 

Because of ZF γ1’s ability to form β-sheet-rich fibrils in vitro, we sought to study if 

the protein could aggregate in vivo when overexpressed. As discussed above, we 

previously demonstrated that overexpression of α-syn in ZF neurons led to malformed 

embryos, intracellular aggregates, and neuronal death (Prabhudesai et al. 2012). Here 

we overexpressed ZF γ1 in ZF neurons in order to determine if increased levels of 

endogenous protein induced aggregate formation, and were neurotoxic in vivo. In order 

to study the effects of overexpression of ZF γ1 in ZF, we used the HuC neuronal 

promoter to drive expression of ZF γ1. We used a similar construct to the one we had 

used in the past to overexpress α-syn in ZF, except here ZF γ1 was expressed under 

control of the HuC neuronal promoter as a fusion protein with T2A-DsRed. The T2A 

peptide is post-translationally cleaved releasing native ZF γ1 and the fluorescent DsRed 

reporter in equal molar concentrations (Prabhudesai et al. 2012). We found the embryos 

overexpressing ZF γ1 had reduced survival and severe malformations by 72hpf including 

pericardial edema, shorter body axis, and bent tail compared to embryos overexpressing 

DsRed (Figure 2-4a,b). This effect was very similar to that seen in embryos where α-syn 
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was overexpressed (Prabhudesai et al. 2012). To determine if ZF γ1 was able to form 

aggregates in vivo we sectioned injected embryos for immunohistochemistry and used 

an antibody specific for ZF γ1. We found that embryos overexpressing ZF γ1 had 

intracytoplasmic aggregates, while those overexpressing DsRed did not (Figure 2-4c,d). 

To further confirm this finding, we used ThS staining to determine if ZF γ1 was forming 

β-sheet-rich aggregates. Neurons expressing ZF γ1 stained positively with ThS, while 

DsRed expressing neurons did not (Figure 2-4e,f). These results further confirm the in 

vitro findings that ZF γ1 has the propensity to aggregate, and potentially cause toxicity.  

 

Ziram inhibits the proteasome in vivo 

We previously proposed that one mechanism of toxicity for ziram is through 

inhibition of the proteasome. To study whether the proteasome is inhibited in our ZF 

model after ziram treatment we utilized a GFP degron system. We utilized the 

CMV:GFPu construct previously characterized by Bence et al. and previously utilized by 

our group for in vitro studies (Bence et al. 2005; Chou et al. 2010; Wang et al. 2006). In 

preliminary studies we found that GFP fluorescence 24h after injections was high in all 

groups, signifying that the proteasome machinery had not yet developed completely and 

was unable to degrade proteins completely. We conducted our study at 48hpf, after GFP 

fluoresnce was absent in most fish. 24hours after treatment (72hpf), we imaged embryos 

and found that ZF treated with ziram had a significant increase in the amount of labeled 

neurons as compared to vehicle controls (Figure 2-5). Here we demonstrate that an 

effect of ziram characterized previously in vitro, is conserved in our ZF model, and thus 

relevant for studies of synuclein toxicity.   

 

Ziram treatment decreases protein levels of ZF γ1 
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As discussed above, our group previously demonstrated that treatment with 

ziram increased intracellular α-syn levels in primary neuronal cultures. Because ZF γ1 

displays many of the same characteristics as α-syn both in vitro and in vivo, we wanted 

to study the effects of ziram on ZF γ1. We utilized western blot analysis under 

denaturing conditions to examine changes in protein levels of ZF γ1 for ziram treated 

embryos at 5dpf (the time at which we had performed neuronal counts). In preliminary 

western blot studies using our anti- ZF γ1 antibody, we detected a band at 17kDa 

(presumed monomer, Figure 2-1a). Western blots for ziram treated fish revealed a 

significant decrease in intensity of the monomeric band at 17 kDa for embryos with ziram 

(50 nM) as compared to vehicle-treated controls (Figure 2-6a). Studies have suggested 

that synuclein under denaturing conditions may behave/present differently than 

synuclein under native conditions. In order to test this for ZF γ1, we performed western 

blots using non-denaturing/native conditions. Using this method we observed a major 

band at 480 kDa and a minor band at 242 kDa (2-6c). This suggests that ziram does not 

alter the degree of oligomerization at the time point we examined.  

 

Targeting zSyn with a morpholino protects against ziram’s neuronal toxicity 

In order to further study the role of ZF γ1 in ziram’s neuronal toxicity, we 

performed knocked down studies for ZF γ1. We designed a MO to prevent translation ZF 

γ1, and confirmed knockdown via western blot (Figure 2-7). For ziram studies, we 

injected the MO and treated VMAT2 embryos at 24hpf as described above. We found 

that MO knockdown of ZF γ1 protected against loss of VMAT2 neurons after ziram 

treatment. An 86.8% and 45.1% increase in GFP labeled neurons, telencephalic and 

diencephalic respectively, was observed for ziram treated embryos injected with ZF γ1 
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MO vs. ziram treated embryos injected with scramble MO (control). This result 

demonstrates that ziram’s toxicity is mediated via ZF γ1.  

 

CLR01 inhibits synuclein aggregation in vitro and protects against ziram’s toxicity 

in vivo 

To further explore the role of ZF γ1 in ziram’s neuronal toxicity, we utilized the 

molecular tweezer, CLR01. CLR01 has previously been found to reduce human α-

synuclein toxicity by disrupting α-syn aggregation in vivo and in vitro (Acharya et al. 

2014; Prabhudesai et al. 2012; Sinha et al. 2012). We have previously reported that 

CLR01 reduced α-syn toxicity in cell-based models and in ZF (Prabhudesai et al. 2012).  

Here, we found that CLR01 also inhibited recombinant ZF γ1 fibrillation as determined 

by ThT fluorescence and EM (Figure 2-8). Additionally, utilizing the VMAT2:GFP line, we 

studied the effect of ziram treatment plus CLR01. We found that fish treated with CLR01 

and ziram had a 173% increase in the number of labeled neurons (diencephalic cluster), 

as compared to fish treated with ziram alone (Figure 2-9). Thus, ziram’s neurotoxicity 

appears to be dependent not only on the total ZF γ1 levels, as suggested by the MO 

experiment (Figure 2-7), but also on formation of toxic forms of ZF γ1, which can be 

disrupted by CLR01 (Figure 2-9). 
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Discussion 

 

It is not completely clear how ziram causes selective DA neuron damage. 

Previous studies from our group have suggested that the pesticide acts by inhibiting the 

UPS, and increasing intracellular levels of α-Syn. ZF do not have an orthologue of 

human α-Syn, but studies have suggested that ZF γ1 is expressed in dopaminergic 

neurons and may have a similar physiologic function to α-syn. Here we investigate the 

propensity of γ1 to aggregate in vitro and in vivo, potential toxicity of the protein in vivo, 

and determine if ziram mediates its toxicity through ZF γ1.  

 

zSyn γ1 aggregates and forms fibrils similar to α-Syn 

We investigated the propensity of ZF γ1 to form fibrils in vitro and in vivo. 

Previously other studies have suggested that ZF γ1 may function similarly to α-syn 

(Milanese et al. 2012).  Using ThT staining we found in vitro that recombinant ZF γ1 

formed fibrils with similar kinetics to α-syn. Although the kinetics of fibril formation for ZF 

γ1 were slightly faster than α-syn, the resulting fibrils formed were nearly 

indistinguishable by electron microscopy The fact that ZF γ1 was able to form fibrils is 

not unexpected. It had been previously demonstrated that human γ synuclein is able to 

aggregate to form oligomers and fibrils with enhanced β-sheet content (Uversky et al. 

2002). Additionally, the same study demonstrated that human γ synuclein fibrils were 

indistinguishable from α-syn fibrils, similar to the result we observed in our study. One 

difference from the study performed by Uversky et al. and our study is the aggregation 



	
   74	
  

kinetics. In our study we found that γ1 formed fibrils at a faster rate than α-syn, while 

Uversky et al observed the opposite effect for human gamma synuclein. It is possible 

that the conditions we were using for our in vitro study were effective for inducing 

aggregation of proteins as other studies have demonstrated as reviewed by (Song 

2013). It is also possible that ZF has aggregation properties intermediate between 

human alpha and gamma synuclein.   

To evaluate this further, we overexpressed ZF γ1 in embryos to determine if the 

protein can aggregate in vivo. Our group had previously performed a similar study for 

studying human α-syn in ZF embryos. In this study we found that α-syn was able to form 

aggregates in ZF neurons and caused neurotoxicity (Prabhudesai et al. 2012). Similarly, 

in this study when we overexpressed ZF γ1 via microinjections at the one cell stage, we 

found that ZF γ1 appeared to aggregate within neurons (as determined by antibody 

labeling). To confirm the presence of aggregates and β-pleated sheets, we utilized 

immunohistochemistry (specifically ThS staining). Compared to DsRed controls, we 

observed a significant increase in thioflavin positive aggregates within neurons 

expressing ZF γ1.  We were surprised to find that ZF γ1 causes neurotoxicity similar to 

α-syn. We suspect that the neurotoxicity observed within neurons overexpressing ZF γ1 

was due to the fact that aggregation of the protein inhibited the proteasome and 

autophagy, and has previously been shown to increase cell death (Boya et al. 2005; 

Suraweera et al. 2012).  

 

Ziram inhibits the proteasome in zebrafish 

Our group previously found that ziram inhibits the proteasome in primary culture. 

Here the use of the previously characterized GFPu construct (CMV:GFPu) enabled us to 

determine if ziram inhibited the proteasome in our ZF model. Initial studies were 

conducted over three days, where embryos were exposed at 24hpf and imaged at 3dpf 
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for fluorescent neurons. Although we observed a difference between the ziram treated 

fish vs. vehicle controls, we could not completely distinguish whether the effect observed 

was based on inhibition of the proteasome or a result of variations in microinjection 

efficiency. To remove this confound, instead of treating embryos at 24hpf, we waited 

until 48hpf for fluorescence to dissipate completely (a result of the proteasome 

functioning by this time, and degrading the degron). After treatment at 48hpf, we saw an 

increase in fluorescent neurons for ziram treated fish suggesting that ziram had inhibited 

the proteasome.. Previously our group investigated how ziram may inhibit the 

proteasome in vitro and found that ziram did not alter chymotryptic activity of the 

proteasome like other pesticides (Chou et al. 2008). In fact, ziram did not alter 20S 

proteasome activity at all. Interestingly, ziram did alter polyubiquitin levels of proteins, 

suggesting that ziram’s mechanism of action maybe through interference of the 

ubiquitination process, specifically interference of ubiquitin ligation of E1 ligase of the 

proteasome.  

ZF have a functional proteasome similar to humans including E1 ligase. We 

attempted to study whether E1 ligase was essential to dopaminergic neurons in ZF in a 

knockdown study. We designed a morpholino to block translation of E1 ligase in ZF, and 

performed neuronal counts on VMAT2 neurons as described previously. We did not 

observe a change in the number of neurons for ZF with the E1 ligase knockdown vs. 

controls. It is possible that the E1 ligase we knocked down using morpholinos was not 

the only E1 ligase, as other studies have suggested that ZF have a second E1 ligase, 

UBA6 (as reviewed by (Schulman and Harper 2009), which may have compensated for 

knockdown of only 1 E1 ligase. It is also possible that the morpholino we designed did 

not completely knockdown expression of E1 ligase completely.  Efficacy has been 

shown to vary among different morpholinos, and thus if the enzyme has been knocked 

down 90%, the remaining 10% may be enough to compensate for degradation within the 
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cell (Bill et al. 2009; Eisen and Smith 2008). In future studies efficacy of the morpholino 

can be measured using immunoblot analysis to measure ubiquitination via E1. We 

previously demonstrated that ziram decreases ubiquitination of E1 ligase, suggesting 

interference with ubiquitin ligation. For E1 knockdown or ziram treated embryos we 

predict that we will see a similar decrease in ubiquinated E1, although the ability to 

perform this experiment maybe limited by availability of antibodies that can detect E1 

ligase in ZF. Another alternative to study knockdown of E1 ligase, would be to design a 

splice blocking morpholino. This method has been suggested as an alternative to 

translational blocking morpholinos. Splice blocker morpholinos maybe more appropriate 

for knockdown vs. translational blocking morpholino as they can be designed to target 

specific isoforms of a gene (Bill et al. 2009). Using this method would allow us to 

knockdown all isoforms of E1, and enable us to measure knockdown efficacy via PCR. 

Although inhibition of E1 ligase has been proposed as a mechanism of ziram’s 

toxicity, it is likely that this is only one of several pathways altered by the pesticide. 

Studies from our lab have demonstrated that ziram can also inhibit aldehyde 

dehydrogenase (ALDH). Inhibition of ALDH has been implicated as a risk factor for PD, 

and we previously demonstrated that benomyl (a dithiocarbamate fungicide), which 

inhibits ALDH, can cause dopaminergic cell both in vitro and in vivo (Fitzmaurice et al. 

2013). Additionally, a recent study by our lab demonstrated that ziram can inhibit activity 

of ALDH and is associated with increased risk for PD (Fitzmaurice et al. 2014). We 

attempted to investigate the effect of ziram on ALDH activity in our zebrafish model 

using HPLC. Initially, our focus was to determine alterations in 3,4-

dihydroxyphenylacetaldehyde (DOPAL) levels. DOPAL is a toxic intermediate of 

dopamine metabolism that is normally metabolized by ALDH into a non-toxic metabolite, 

DOPAC (Casida et al. 2014; Fitzmaurice et al. 2013; Goldstein et al. 2013). Our initial 

studies focused on studying DOPAL levels using embryos, however we were unable to 
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detect DOPAL in ZF embryos. Because ALDH inhibition should alter DOPAC levels (we 

hypothesized that a decrease in DOPAC would be observed if ALDH was inhibited), we 

attempted to measure levels of DOPAC in ZF. We did not observe a change in total 

DOPAC levels, which maybe attributed to the fact that there was, increased 

compensation of dopaminergic neurons not affected by ziram to produce dopamine and 

its metabolites. The results of this study were inconclusive with regards to changes in 

alterations in DOPAL/DOPAC levels. For future studies, it will be interesting to look at 

the effect of ALDH inhibition via knockdown (morpholinos) or by chemical inhibition, to 

determine if inhibition of the enzyme increases dopaminergic cell toxicity in vivo. 

Specifically, we can use the VMAT2 line characterized in Chapter 1 and below, to study 

the effect of ALDH inhibition on dopaminergic neurons.   

 

Ziram’s toxicity is mediated by synuclein 

Previous findings from our group suggested that ziram not only inhibited the 

proteasome via E1 ligase, but that this directly led to an increase in intracellular α-syn. If 

the mechanism of toxicity is conserved in ZF, we predicted that ziram would increase ZF 

γ1 levels as measured by immunoblot and immunohistochemistry. Interestingly for 

embryos treated with ziram at 24hpf and sacrificed for immunoblot at 5dpf, we actually 

observed a decrease in protein levels of ZF γ1. We hypothesize that the decrease in ZF 

γ1 protein levels by 120hpf can be attributed to neuron terminal loss, as is suggested by 

the reduction of GFP fluorescence in VMAT-2 neurons. Additionally, we did not detect 

fibril formation with ThS in vivo after ziram exposure. The formation of synuclein β-

sheets is dependent on several factors including concentration and time. It is possible 

that ZF γ1 did not reach high enough concentrations, or had enough time to form 

aggregates as seen in the in vitro and overexpression studies discussed above. Even 

though this might be the case it is possible that ziram alters ZF γ1, which we 
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hypothesize will result in the formation of toxic prefibrillar oligomers. Previous studies 

have suggested that Lewy bodies and monomeric forms of α-syn are not the cause of 

toxicity in neurons, but rather the toxicity is caused by toxic prefibrillar oligomers (Danzer 

et al. 2007; Winner et al. 2011). In order to test this hypothesis, we studied the effect of a 

knockdown of ZF γ1 and the use of a molecular tweezer that was previously found to 

protect against α-syn’s toxicity.  

In order to determine if ziram’s toxicity is mediated via ZF γ1, we created a 

morpohlino designed to prevent translation of ZF γ1. Knockdown of ZF γ1 prevented the 

neurotoxicity of ziram in both the telencephalic and diencephalic neuronal clusters. This 

finding is supported by several others in the field, which have demonstrated that 

knockdown of synuclein can protect against environmental factors causing neurotoxicity 

(Tai et al. 2014; Wu et al. 2009; Zharikov et al. 2015). Further a recent study by Zharikov 

et al, demonstrated that knockdown of α-syn using shRNA, protected against rotenone’s 

(a pesticide previously associated with increased risk for PD) neuronal toxicity (Zharikov 

et al. 2015). The finding that ziram’s toxicity is mediated via ZF γ1 is further supported by 

the finding that CLR01 also protected against ziram’s toxicity in our ZF model. Our group 

and others have previously demonstrated that CLR01 acts on amyloidogenic proteins 

and protects against their toxicity both in vivo and and in vitro (Attar et al. 2012; 

Prabhudesai et al. 2012; Sinha et al. 2011). CLR01’s only known activities are to 

remodel the self-assembly of amyloidogenic proteins into non-toxic and non-

amyloidogenic structures and to facilitate their clearance (Acharya et al. 2014; Attar and 

Bitan 2014; Prabhudesai et al. 2012). Here we found that CLR01 prevented ZF γ1 from 

aggregating in vitro and prevented neurotoxicity in vivo. This again suggests that ziram 

may cause the formation of toxic prefibrillar oligomers, which CLR01 protected against. 

One limitation of this study was the treatment protocol, as embryos had to be treated at 

5hpf with both CLR01 and ziram (based on previous treatment protocols for CLR01). It is 
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possible that CLR01 prevented the aggregation of ZF γ1, maintaining the protein in its 

monomeric forms, which can then be degraded via the UPS. If that were the case, 

CLR01 would prevent the formation of toxic oligomers within the cells. For future studies 

we can expose ziram treated embryos with CLR01 at a later developmental time point, 

to determine if CLR01 can provide protection against preformed/toxic oligomers of ZF 

γ1.  

Most neurodegenerative disorders like PD have a relatively selective pattern of 

neuronal loss although the mechanisms responsible for this selectivity have remained 

elusive.  Ziram and other DTCs have been shown to inhibit the UPS, but this would not 

explain the selectivity of neuronal damage.  It is possible that ziram’s ability to inhibit 

ALDH in addition to its UPS-inhibiting activity, leads to selective DA damage. ALDH 

inhibition causes the accumulation of DOPAL in DA neurons, which is toxic (Burke et al. 

2008; Casida et al. 2014; Fitzmaurice et al. 2013; Fitzmaurice et al. 2014; Panneton et 

al. 2010).  

The experiments from this study add to the growing evidence that pesticides 

mediate their toxicity through synuclein. Here we demonstrated that ziram can inhibit the 

proteasome and its toxicity is mediated via ZF γ1. For future studies, we will examine the 

effect of ziram on macroautophagy. Alterations in autophagy have previously been 

implicated in patients with PD (Anglade et al. 1997). Several studies have suggested 

that impairment of autophagy via several mechanisms (including synuclein itself) can 

lead to cell death (Boya et al. 2005; Cuervo et al. 2004; Martinez-Vicente et al. 2008; 

Stefanis et al. 2001; Tanik et al. 2013; Webb et al. 2003; Wu et al. 2015). It will be 

interesting to examine the effect of ziram on autophagic flux. There are several tools 

available to measure changes in autophagy in zebrafish. He et al. generated a 

transgenic GFP-LC3 fish, and were able to image alterations in autophagic flux after 

inducing autophagy (He et al. 2009). Additionally, the group utilized immunoblot analysis 
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to examine the autophagy. They were successful in detecting alterations in LC3-I and 

LC3-II levels using inhibitors and inducers of autophagy. I hypothesize that ziram, which 

inhibits function of the proteasome, will have a similar effect on autophagy. We can 

measure alterations in autophagic flux using the transgenic line described above, and by 

analyzing changes in levels of LC3-I and LC3-II. Further, we can study the effect of 

knockdown of ZF γ1 on autophagy after treatment with ziram.  

Another pathway of interest is the retromer, which has recently been implicated 

as a risk factor in neurodegenerative diseases such as AD and PD (Follett et al. 2014; 

Small et al. 2005). The retromer is involved with retrieval of “cargo” from endosomes, 

and delivery to the trans-Golig network and structurally is composed of two components 

a trimeric core and a tubulation module (Arighi et al. 2004; Attar and Cullen 2010; 

Seaman 2004; Small and Petsko 2015). Alterations in vacuolar protein sortin-associate 

proteins (VPS), specifically VPS35 have been implicated in neurodegenerative disease. 

In parkinson’s disease the exact mechanism of retromer dysfuction is not well 

understood, but it appears that dysfunction of VPS35 can alter delivery of cathepsin D, 

an endomsomal-lysosomal protease that is involved with the processing of α-syn (Follett 

et al. 2014; Miura et al. 2014). Specifically, VPS35 dysfunction has been found to cause 

an accumulation of α-syn within lysosomes (Miura et al. 2014). ZF have a functional 

homologue of VPS35, and thus it will be interesting to observe if knockdown of VPS35 

alters synuclein homeostasis within ZF. Further, there are antibodies available for 

VPS35 and thus alterations in levels of the protein can be monitored via immunoblot 

(although specificity of the antibody for ZF VPS35 needs to be tested). Perhaps most 

interesting will be to determine the effect of inhibition of multiple degradation pathways 

such as the UPS and autophagy via ziram on retromer activity.   

The studies presented here suggest that ziram, a pesticide previously associated 

with increased risk for PD, mediates its toxicity via ZF γ1. On a larger level, these 
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studies give further insight into the role that environmental toxins have in the 

development of PD, and allow for a greater understanding of the etiology of PD. Perhaps 

most important is that these studies provide future targets for therapeutic exploitation 

which may one day help to cure the disease. 
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Figure 2-1: The polyclonal antibody ZF γ1 is specific for ZF 
 

 

 
Figure 2-1: The polyclonal antibody ZF γ1 is specific for ZF 
Using denaturing conditions/SDS PAGE, a band for γ1 was detected at 17 kDa for ZF 
adult brain (ZF) and purified ZF γ1 (a). No ZF γ1 signal was detected for mouse brain 
(MB). Peptide preincubated with the ZF γ1 antibody is shown for SDS PAGE. No band 
for ZF γ1 was detected after preincubation of γ1 antibody with γ1 peptide (b). 
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Figure 2-2: Specificity of ZF γ1 Morpholino is validated by SDS PAGE 

 
 
Figure 2-2: Specificity of ZF γ1 Morpholino is validated by SDS PAGE 
In order to validate specificity of the morpholino ,we utilized western blot analysis under 
denaturing conditions. Embryos (n=75) were injected with ZF γ1 MO or scramble 
(control) and were prepared for western blot analysis. A decrease in the monomer of γ1 
was determined via western blot for embryos injected with the ZF γ1 MO.  
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Figure 2-3: ZF γ1 synuclein aggregates and forms fibrils similarly to human α-
synuclein 
 

 
 
Figure 2-3: ZF γ1 synuclein aggregates and forms fibrils similarly to human α-
synuclein. 150µM recombinant hSyn or ZF γ1 were incubated over a 66-hour period 
and thioflavin T fluorescence was monitored (a). The morphology of hSyn (b) and ZF γ1 
(c) was examined at the end of the aggregation reaction using TEM (scale bar = 0.2 
µm).  
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Figure 2-4: Overexpression of ZF γ1 in vivo causes  
intracellular aggregation of synuclein 

 
Figure 2-4: Overexpression of ZF γ1 in vivo causes intracellular aggregation of 
synuclein 
Embryos were injected with constructs for Huc-T2A-DsRed (a) or Huc-γ1-T2A-DsRed 
(b), embryos shown at 2 dpf (scale bar = 00 µm). Sectioned embryos were stained with 
a primary antibody for ZF γ1. HuC-DsRed (c) injected embryos did not have intracellular 
ZF γ1 aggregates, while embryos injected with HuC-ZFγ1 (d) were found to have 
intracellular ZF γ1 aggregates (blue arrow) (scale bar = 10 µm). To determine if ZF γ1 
formed β-pleated sheets in vivo, embryos injected with HuC-DsRed and Huc-γ1-T2A-
DsRed were stained with ThS (scale bar = 10 µm).  Only neurons overexpressing ZF γ1 
(f) were ThS positive (e). 
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Figure 2-4: Overexpression of ZF γ1 in vivo causes  
intracellular aggregation of synuclein 

 
Figure 2-4: Overexpression of ZF γ1 in vivo causes intracellular aggregation of 
synuclein 
Embryos were injected with constructs for Huc-T2A-DsRed (a) or Huc-γ1-T2A-DsRed 
(b), embryos shown at 2 dpf (scale bar = 00 µm). Sectioned embryos were stained with 
a primary antibody for ZF γ1. HuC-DsRed (c) injected embryos did not have intracellular 
ZF γ1 aggregates, while embryos injected with HuC-ZFγ1 (d) were found to have 
intracellular ZF γ1 aggregates (blue arrow) (scale bar = 10 µm). To determine if ZF γ1 
formed β-pleated sheets in vivo, embryos injected with HuC-DsRed and Huc-γ1-T2A-
DsRed were stained with ThS (scale bar = 10 µm).  Only neurons overexpressing ZF γ1 
(f) were ThS positive (e). 
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Figure 2-4: Overexpression of ZF γ1 in vivo causes intracellular aggregation of  
synuclein 

 

 
Figure 2-4: Overexpression of ZF γ1 in vivo causes intracellular aggregation of 
synuclein 
Embryos were injected with constructs for Huc-T2A-DsRed (a) or Huc-γ1-T2A-DsRed 
(b), embryos shown at 2 dpf (scale bar = 00 µm). Sectioned embryos were stained with 
a primary antibody for ZF γ1. HuC-DsRed (c) injected embryos did not have intracellular 
ZF γ1 aggregates, while embryos injected with HuC-ZFγ1 (d) were found to have 
intracellular ZF γ1 aggregates (blue arrow) (scale bar = 10 µm). To determine if ZF γ1 
formed β-pleated sheets in vivo, embryos injected with HuC-DsRed and Huc-γ1-T2A-
DsRed were stained with ThS (scale bar = 10 µm).  Only neurons overexpressing ZF γ1 
(f) were ThS positive (e). 
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Figure 2-5: Ziram inhibits the proteasome in ZF 

 
Figure 2-5: Ziram inhibits the proteasome in ZF 
We utilized a the CMV:GFPu construct to study whether one of the mechanisms of 
ziram’s toxicity, proteasome inhibition, is seen in ZF. Embryos were imaged at 72hpf, 
24h after treatment with 50 nM ziram or vehicle. Ziram-treated embryos had an increase 
in the number of GFP positive cells vs. vehicle-treated embryos. The average number of 
positive cells for ziram-treated ZF was higher than for vehicle-treated ZF. n=8-10 per 
treatment. Two-tailed student t-test. *p<.05 
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Figure 2-6: Ziram decreases ZF γ1 levels 

 
 
Figure 2-6: Ziram decreases ZF γ1 levels 
Embryos were treated with ziram or vehicle and ZF γ1 levels were determined by 
Western blot analysis at 5dpf (normalized to tubulin). A 69.3% decrease in band density 
for ZF γ1 was observed for samples treated with 50 nM ziram (a,b, n=4). Using non-
denaturing conditions/Native PAGE, a major band for ZF γ1 was detected at 480 kDa 
and a minor band at 242 kDa (c). n=4 *p<.05 two-tailed student t-test. 
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Figure 2-7: Ziram’s toxicity is ZF γ1-dependent 

 
Figure 2-7: Ziram’s toxicity is ZF γ1-dependent 
ZF γ1 expression was reduced using a specific morpholino (MO) and a scrambled MO 
was used as a control. Ziram treatment began at 24 hpf. Neuronal counts (normalized to 
vehicle + scramble/γ1 MO) for γ1 MO injected embryos (n=14). An 86.8% increase in 
labeled telencephalic (a) and 45.1% increase in labeled diencepahlic (b) VMAT2 
neurons at 3dpf was observed for fish treated with ziram + γ1 MO vs. ziram + scramble 
MO. *p<.05, **p<.01, student t-test 
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Figure 2-8: CLR01 inhibits ZF γ1 aggregation in vitro  

 
Figure 2-8: CLR01 inhibits ZF γ1 aggregation in vitro  
Time-dependent change in normalized ThT fluorescence over 14 days for 100 µM γ1 
incubated in the absence or presence of CLR01 (a). The first and last 130 hours are 
shown. Electron micrographs of ZF γ1 alone (b), and ZF γ1 with CLR01 (c) in equimolar 
ratio (scale bar = 100 nm) obtained on day 9 or 10 of each reaction. n=4. p < 0.0001. 
ANOVA.  
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Figure 2-9: CLR01 protects against ziram’s toxicity in vivo. 

 
Figure 2-9: CLR01 protects against ziram’s toxicity in vivo. 
Using the VMAT2 ZF we evaluated whether CLR01 could protect against the toxicity of 
ziram. When co-treated with 50 nM ziram and CLR01, treatment with CLR01 protected 
against ziram’s toxicity for VMAT2 neurons in the diencephalic cluster (b), but did not 
reach statistical significance in the telencephalic cluster (a) at 5dpf. n=6. **p<.01, student 
t-test. 
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Concluding Remarks 
 

The studies presented here demonstrate that ziram, a pesticide that increases 

risk for PD, is selectively toxic for dopaminergic neurons and its toxicity is synuclein-

dependent in ZF. This dissertation contributes to the growing number of studies in the 

neuroscience and toxicology fields, implicating environmental toxins in the development 

of PD. Most importantly this dissertation and the studies in it demonstrate that synuclein 

a protein that has been implicated directly in the pathogenesis of PD, is directly 

contributing to dopaminergic cell toxicity after exposure to an environmental toxin. There 

has been much debate in the field whether or not synuclein is the primary cause of 

toxicity in dopaminergic neurons in non-genetic forms of PD. Several studies have 

suggested that environmental toxins like pesticides may cause toxicity through inhibition 

of complex I, which can lead to alterations in cellular respiration, and creation of reactive 

oxygen species. This can cause further damage within the cell.  In a recent in vivo study, 

knockdown of α-syn protected against dopaminergic cell loss in animals treated with 

rotenone.  Furthermore, it was demonstrated that rotenone can cause dopaminergic cell 

toxicity in vivo and the pesticide triggers the spread of α-syn. Our findings add to the 

growing evidence that alterations in synuclein homeostasis are central to the 

pathogenesis of PD despite the etiology.  

Additionally, this dissertation has characterized the use of ZF as a model to study 

the effects of neurodegenerative disease. We have demonstrated that ZF can be used to 

evaluate the effect of potential environmental toxins on the dopaminergic system, and 

can be studied using a variety of transgenic lines, genetic manipulation, and behavioral 

analysis. ZF will be a valuable tool going forward as we attempt to identify other 

environmental toxins that may increase the risk of developing neurodegenerative 
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diseases like PD. Also, this model system can be valuable for identifying therapeutics 

that may protect against the progression or prevent PD.  

On a larger level we have provided further evidence in vivo that ziram can cause 

neurotoxic effects that are consistent with pathological changes often seen in PD. It is 

our hope that studies like this will continue to give insight into the potential toxicity of 

environmental compounds that are being used. Identifying compounds that can 

adversely affect human health will be essential for regulation and protection of public 

health. A better understanding of these processes has the potential to illuminate 

pathways critical in disease formation, and also highlight targets for future therapeutic 

exploitation. 
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Appendices 

A. Aldehyde dehydrogenase inhibition as a pathogenic mechanism in Parkinson 
disease  

B. Axon degeneration and PGC-1α-mediated protection in a zebrafish model of α-
synuclein toxicity 
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