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Abstract 

Paraquat is an herbicide and neurotoxin that elicits many of the pathological features seen in 

Parkinson’s Disease (PD). There are currently limited therapeutics available to prevent 

neurodegeneration or repair neuronal damage, therefore the demand for novel research in 

neuroprotection is imperative. Emerging evidence suggests that the endocannabinoid system 

(ECS) may be a useful treatment strategy for PD as it is acts as a neuromodulator within the central 

nervous system (CNS). In this study, the fatty acid amide hydrolase (FAAH) inhibitor URB597 

was implemented to obstruct the breakdown of anandamide, one of the two main cannabinoids in 

the ECS; this leads to the accumulation of anandamide and activation of the cannabinoid receptor 

type 1 (CB1R).  Additionally, the effects of a low-frequency electromagnetic field patterned to 

mimic the activity of the CB1 receptor were explored. The results from this study revealed that 

500 µM paraquat reduced differentiation [F(4,57 = 6.659, p=<0.001, η2= 0.334] and cell viability 

[F(4,26 = 5.579, p= 0.004, η2= 0.48] in PC12 cells in comparison to controls. Similarly, 500µM 

paraquat significantly reduced locomotor behaviours in planaria after 24 hours of exposure [F(2,41 

= 28.965, p= <0.001, η2= 0.586] but showed the most significant decrease after 72 hours in 

comparison to controls [t(59)=7.647, p=<0.00]. The reduction in differentiation, cell viability, and 

planarian locomotor activity elicited by paraquat confirms its efficiency as a neurotoxic agent in 

PC12 cells, causing symptoms of neurodegeneration. When PC12 cells were exposed to URB597 

in conjunction with paraquat, levels of cell differentiation were significantly higher than those seen 

in paraquat alone [t(20)= -4.032, p=<0.001]. Correspondingly, planaria that were exposed to 

URB597 in conjunction with paraquat showed significantly higher levels of locomotor activity 

compared to paraquat alone after 72 hours of exposure [F(3,126 = 26.008, p= <0.001, η2= 0.382]. 

Finally, treatment using low-frequency EMF patterned after CB1 activity demonstrated an increase 

in planarian locomotor velocity when exposed to paraquat in comparison to controls [U=1409.5, 

z=-2.110, p=0.035]. These results support the idea that CB1 receptor activation modulates the 

activity of other neurotransmitter levels. Overall, I found that (1) paraquat produced neurotoxic 

damage in PC12 cells and planaria, (2) URB597 provided neuroprotective effects against paraquat-

induced decreases to differentiation and planarian locomotor behaviours, and (3) an EMF patterned 

after CB1R activation provided neuroprotective effects against a paraquat-induced decrease in 

planarian locomotor behaviours. Both URB597 and the CB1R EMF demonstrated neuroprotective 
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effects against paraquat-induced neurotoxicity. The results of this research provide evidence that 

manipulation of the ECS could be a beneficial target involving neuroprotection against 

neurodegenerative diseases.  

 

 

Keywords: neurotoxicity, neuroprotection, paraquat, PC12 cells, planaria, neuroscience, 

neurodegeneration, Parkinson’s Disease, electromagnetic field 
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Neurodegenerative disease 

  Neurodegenerative diseases are incurable conditions that result in the progressive 

loss of structure and function of the primary cells of nervous system: neurons (Gitler et al., 

2017). As the fundamental units of the brain and nervous system, neurons are responsible for 

receiving sensory information from the environment, relaying motor commands to the body, 

and transforming electrical and chemical signals necessary for intercellular communication  

(Subramanian et al., 2021). The human brain is comprised of approximately 100 billion 

neurons, all of which are responsible for maintaining daily activities (Zhang, 2019). Every 

action a human makes, whether it be voluntary or automatic, originates in the central nervous 

system (CNS).  

  The approximate 100 billion neurons within the nervous system communicate with 

one another via intercellular synapses. These are small junctions between two neurons that 

allow the flow of electrical and chemical information throughout the brain (Caire et al., 2021). 

It is estimated that each single neuron may be connected to up to 10 thousand other neurons 

at one time, communicating in an integrative neural network of up to 1,000 trillion synapses 

in total (Gupta, 2020). The transfer of information between neurons is referred to as synaptic 

transmission, which is the basis for efficient communication and normal functioning of the 

brain (Südhof & Malenka, 2008). In the case of neurodegenerative diseases, neurons and their 

synapses are progressively damaged and lost. Without these connections between neurons, 

there would be nowhere for signals to travel, leaving cellular information immobile and 

creating major gaps in the communication networks throughout the brain. 

  Neurodegenerative diseases affect millions of people worldwide and are becoming 

increasingly prevalent, posing as a major threat to human health (Gitler et al., 2017). 
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Parkinson’s disease (PD) is the second most common neurodegenerative disorder and most 

common movement disorder worldwide (Mhyre et al., 2012). In terms of pathophysiology, 

PD progressively degenerates neurons within a nucleus known as the substantia nigra pars 

compacta (SNc), belonging to a group of subcortical structures called the basal ganglia, 

largely responsible for movement  (Blandini et al., 2000). The SNc is recognized by its dark 

pigmentation, which is due to the highly concentrated levels of neuromelanin found in the 

dopaminergic neurons making up the cell mass (Zecca et al., 2001). Dopaminergic 

transmission from the SNc to other areas of the basal ganglia, specifically the striatum, is 

essential for the initiation and execution of voluntary movement (Mhyre et al., 2012). At the 

time of onset of symptoms associated with PD, 50% of the melanized dopaminergic neurons 

in the SNc have degraded and the structure itself experiences profound depigmentation 

(Langley et al., 2020).  

  When neurodegeneration occurs, it is not only individual neurons that are damaged 

or lost; synaptic dysfunction depreciates communication between cells and can lead to 

disruptions in the entire neural network (Subramanian et al., 2021).When the cells in the SNc 

begin to degenerate, so do their synapses, leaving the resultant dysfunction of communication 

pathways within the brain, specifically the nigrostriatal motor pathway (Sonne et al., 2021). 

This results in deterioration of cell function as well as severe dysfunction in the direct 

pathway of movement, instigating an onslaught of motor movement deficits, such as: slowed 

movements, tremors, rigidity, weakness, and overall loss of motor control (Matias et al., 

2015).  

  The principal manifestation of PD is bradykinesia, which develops initially as 

slowed motor movements and progresses into a complete loss of spontaneous movements, 
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known as akinesia (Mazzoni, 2012). Individuals with PD are slow to respond to stimuli and 

take extra time to initiate a motor task, such as getting up from a chair and slowly shuffling 

across a room (Cannon & Greenamyre, 2013). These individuals also take smaller steps as 

the amplitude of their movements is smaller than required for top performance (Sherbaf et 

al., 2018). As the disease progresses, individuals with PD will continue to lose voluntary 

motor function and experience symptoms of akinesia, such as monotonous speech 

(hypophonia), impaired swallowing (sialorrhea), shuffling gait (parkinsonian gait), reduced 

arm swing while walking, reduced blinking, and inability to make facial expressions 

(hypomimia) (Armstrong & Okun, 2020). In addition to motor deficits as simple as trouble 

walking, talking, and maintaining balance and coordination, individuals with PD often suffer 

an array of other effects such as depression, memory deficits, fatigue, issues sleeping, as well 

as other cognitive deficits (Sherbaf et al., 2018).  

  Due to the severity and length of symptoms that accompany PD, living with this 

disease can significantly alter an individual’s quality of life, as there is no cure and limited 

treatment options (Stoker et al., 2018). The main treatment for PD, L-Dopa, is a dopamine 

(DA) precursor that is able to cross the blood-brain barrier and increases bioavailable 

dopamine levels in order to lessen adverse motor symptoms, but it may only work short-term 

(Tambasco et al., 2018). Furthermore, L-Dopa and other pharmaceutical dopamine agonists 

(DA) come with  many side effects such as nausea, vomiting, dizziness, headaches, and 

somnolence (Gandhi & Saadabadi, 2021). These pharmaceutical treatments do not have any 

progressive effects on non-motor symptoms such as deficits in attention, memory, and 

planning, hyposmia, sleep disorders, depression, high blood pressure, and may actually 

exacerbate some non-motor symptoms such as postural hypotension and neuropsychiatric 
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problems (Stoker et al., 2018). L-Dopa and other dopamine agonists have wide-spread effects, 

entering non-target areas of the brain, which may be responsible for adverse psychiatrist 

effects such as hallucinations and impulse control disorders associated with late-stage PD 

(Maiti, et al., 2017). Fundamentally, PD is a severely life-altering disease that is non-

preventable, has no cure, no preventative treatments, and no existing treatments that come 

without significant problems or the ability to halt the progression of the disease.  

  PD is multifactorial, meaning it can be caused by environmental or genetic 

influence, such as toxin exposure or genetic factors, or even an interaction between the two 

(Cannon & Greenamyre, 2013).  As for the cellular and molecular mechanisms that cause 

PD, there are multiple theories involving its manifestation, including mitochondrial damage, 

oxidative stress, excitotoxicity, protein misfolding and aggregation, failure of protein 

clearance pathways, and neuroinflammation (Lee Mosley et al., 2006). It is hypothesized that 

mitochondrial dysfunction plays a key role in the pathogenic process of PD; specifically, the 

inhibition of mitochondrial complex I (MCI) in dopaminergic neurons has been a trademark 

occurrence in many PD studies, in both cellular and animal models (Prasuhn et al., 2021). PD 

neurodegeneration occurs through toxic cell death, which can be modelled and explored in-

vitro and in-vivo using neurotoxins (Cannon & Greenamyre, 2013). 

Paraquat neurotoxicity 

  Neurotoxins are toxins that disrupt the normal functioning of the nervous system. 

Neurotoxicity occurs when the nervous system is exposed to a natural or artificial neurotoxin 

that causes either permanent or reversible damage to nerve tissues (Spencer & Lein, 2014).  

The functioning of the nervous system relies on the ability of neurons to process and 

communicate signals, which is severely impaired under neurotoxic conditions (Spencer & 
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Lein, 2014). Consequently, the reception, integration, transmission, and storage of sensory 

and motor information can be rapidly and destructively altered under neurotoxic conditions. 

Common examples of neurotoxins include lead, ethanol consumption, glutamate, mercury, 

nitric oxide, tetanus toxin, and tetrodotoxin (Gupta, 2020). Using their destructive properties, 

neurotoxins can be used to target specific components within the nervous system: the neuron, 

the axon, the myelinating cell, and the neurotransmitter system. With this in mind, 

epidemiological evidence recognizes neurotoxic pesticide exposure as one of the risks of 

developing PD (Feng & Maguire-Zeiss, 2011). 

  Paraquat, systematically known as N,N′-dimethyl-4,4′-bipyridiniµM dichloride, is 

an organic herbicide and neurotoxin that causes severe cell damage and is linked to oxidative 

stress, mitochondrial impairment, and reactive oxygen species (ROS) production (Wang et 

al., 2014). Paraquat is still widely used in the United States (U.S.A) (Boyd et al., 2020) despite 

bans instilled by many other countries, including those in Europe, for fear of toxicity levels 

(Kervégant et al., 2013). Multiple epidemiological and animal studies have linked paraquat 

with the development of Parkinson’s disease (PD) (Cristóvão et al., 2020; Nisticò et al., 2011; 

Rappold et al., 2011; Spivey, 2011), a progressive neurodegenerative disorder that affects 

motor movements (Mazzoni et al., 2012).  

  Similarly to the effects of PD, paraquat is also linked to the aggregation of α-

synucleins in dopaminergic neurons (Vaccari et al., 2017). Several in-vivo studies have 

connected paraquat exposure to the selective loss of dopaminergic neurons in the substantia 

nigra pars compacta, the area of the basal ganglia that is damaged in PD (Torres-Rojas et al., 

2021; Zhou et al., 2011). This has led paraquat to be used experimentally to induce symptoms 

of PD in both cells and rat models in the effort to target causes of degeneration and the 
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possible mechanisms for treatment, which include modulation of the endocannabinoid system 

(ECS) (Bastías-Candia et al., 2019; Vaccari et al., 2017).  

The endocannabinoid system 

  Endocannabinoids are signaling molecules in the brain that have demonstrated 

neuroprotection against traumatic brain injury (TBI) and are hypothesized to play a 

therapeutic role in natural repair mechanisms in neurodegenerative diseases such as PD 

(Kendall & Yudowski, 2016; Patricio et al., 2020). The Endocanabanoid system has an 

extensive scope of influence due to the density and location of cannabinoid receptors 

throughout the neocortex, hippocampus, basal ganglia, cerebellum and brainstem (Kendall & 

Yudowski, 2016). However, the ECS is a heavily understudied system in the human body 

despite its involvement in neurotransmission and several other neurological functions, 

making it a pharmacological target for neuroprotection (Medeiros et al., 2020). The ECS acts 

mainly by controlling the activity and levels of other neurotransmitters through the 

modulation of excitatory and inhibitory synaptic plasticity, including the control of 

dopaminergic activity, the fundamental neurotransmitter involved in PD neurodegeneration 

(Medeiros et al., 2020). 

  The ECS consists of endogenous cannabinoids (endocannabinoids), cannabinoid 

receptors, and the degradative and synthesizing enzymes involved in endocannabinoid 

activity (Lu & MacKie, 2016). The ECS plays an important role in the regulation of 

homeostasis in the human brain, and is involved in a variety of neurological functions such 

as memory, appetite, pain-sensation, and mood (Zou & Kumar, 2018). There are two main 

endocannabinoids: 2-arachidonoyl glycerol (2-AG) and arachidonoyl ethanolamide 

(anandamide) (Kendall & Yudowski, 2016). The effects of these endocannabinoids are 
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mediated through two main G-protein coupled receptors (GPCR’s): CB1R (cannabinoid type 

1 receptor) and CB2R (cannabinoid type 2 receptor) (Lu & MacKie, 2016). While CB2 

receptors are mainly found in tissues and cells of the immune system, CB1 receptors are 

densely located in the basal ganglia, the forebrain structure involved in the coordination of 

motor activity and the area of neurodegeneration in PD (Kendall & Yudowski, 2016). The 

majority of CB1 receptors are present on axon terminals and are highly abundant in the 

medium spiny neurons of the dorsal and ventral striatum; this includes the caudate nucleus 

and putamen which are part of the basal ganglia circuit and responsible for controlling motor 

function (Lu & MacKie, 2016). Specifically, expression of the CB1 receptor is particularly 

high on the direct pathway axons entering the globus pallidus as they travel towards the 

substantia nigra, the key area involved in PD (Lu & MacKie, 2016). 

Fatty Acid Amide Hydrolase 

  Fatty acid amide hydrolase (FAAH) is an integral membrane protein and principle 

clearance enzyme that degrades the endogenous cannabinoid anandamide (Ahn et al., 2009). 

The inhibition of FAAH blocks the metabolism of anandamide and subsequently increases 

its activity, resulting in endocannabinoid activation that has been demonstrated in a variety 

of in-vivo models, including both rats and humans (Ahn et al., 2011; Li et al., 2012). When 

anandamide binds to a CB1 receptor, it is responsible for the modulation of neurotransmitter 

levels through the CNS and is hypothesized to suppress GABA, an inhibitory 

neurotransmitter (Zou & Kumar, 2018). Although dopaminergic (DA) neurons do not house 

CB1 receptors, they are regulated by CB1 activity through presynaptic inputs to DA neurons 

that modulate circuitry within the midbrain (Covey et al., 2017). Through the activation of 

CB1 receptors on synaptic terminals of GABAergic neurons, inhibition of GABA receptors 
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on DA neurons can facilitate DA activity (Zou & Kumar, 2018). Through its interactions with 

dopaminergic, glutamatergic, and GABAergic signaling systems within the neural circuit of 

the basal ganglia, the manipulation of the ECS shows promise in treating neurodegenerative 

diseases such as PD.  

 URB597 is an FAAH inhibitor that leads to anandamide accumulation and subsequently 

the activation of CB1R (Chesworth et al., 2018). Studies have shown that URB597 has 

protected against neurotoxic damage via down regulation of reactive oxygen species (ROS) 

(Zeissler et al., 2012), inhibition of dopaminergic neuronal cell death in the SNc, and the 

improvement of motor alterations in SNc lesioned mice (Basavarajappa et al., 2017). 

Additionally, URB597 has been shown to reduce mitochondrial oxidative stress and exhibit 

antioxidant/anti-inflammatory effects (Wang et al., 2022). Therefore, the inhibition of FAAH 

using URB597 is a promising strategy for treating neurodegeneration seen in PD. 

Electromagnetic fields (EMFs) 

  Electromagnetic fields (EMFs) are invisible fields of force created when waves of 

electric and magnetic energy move together, creating changes in amplitude and frequency of 

the field (dynamic EMF), or exhibiting no change in frequency (static EMF) (Touitou & 

Selmaoui, 2012). For example, static EMFs have a frequency of 0 hertz (Hz), while low-

frequency EMFs range from 0Hz up to 100 kilohertz (KHz), and high frequency EMFs range 

from 100KHz to 300 gigahertz (GHz) (Wyszkowska et al., 2016). In living organisms, 

nothing is static (Billman, 2020). The movement of cells, tissues, and organisms is ever-

present in humans, creating alternating fields that are mostly extremely low-frequency (ELF) 

and a critical part of maintaining internal homeostasis (Funk & Monsees, 2006). EMFs 

created in the body include action potentials of neurons and heart tissues, skeletal muscle 
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vibrations and frequencies created by other rhythmic activities in bodily tissues (Funk & 

Monsees, 2006). The brain possesses its own EMF through the periodic firing of action 

potentials, which are created by a disparity in charge as ions flow in and out of the cell, that 

create overlapping waves of energy (McFadden, 2020).   

  It has been established that EMFs affect biological systems in a variety of ways, 

including interaction with the cell membrane, changes in intracellular calcium levels, 

increase/decrease of superoxide production, inhibition of apoptosis, and reduction of 

inflammation and edema (Moya Gómez et al., 2021). Specifically-patterned EMFs have been 

associated with tumor growth suppression (Buckner et al., 2015, 2018), a reduction in clinical 

signs of depression following traumatic brain injury (TBI) (Baker-Price & Persinger, 1996; 

Persinger, 2013), pain perception (Paolucci et al., 2020; Thomas et al., 2007), and analgesia 

equivalent to morphine exposure (Murugan et al., 2014). EMFs can be designed to mimic 

electrophysiological activity in the brain, such as that of the action potential (Richards et al., 

1993). With this knowledge, specially designed EMFs can be created to mimic certain 

electrophysiological processes in the ECS, such as the activity of the CB1 receptor. A huge 

advantage to the use of EMF in therapeutics is that it is a non-invasive method that can be 

applied in multiple patient settings and does not require chemical interventions such as 

anesthesia. Therefore, non-invasive activation of the CB1 may hold therapeutic potential in 

the treatment of neurodegenerative diseases such as PD.  

  The objectives of my study were to (1) investigate the neurotoxic effects of paraquat 

in-vitro using PC12 cells and in-vivo using planaria, (2) explore the possible neuroprotective 

effects of the FAAH inhibitor URB597, and (3) assess the effects of a low-frequency EMF 

patterned after CB1 receptor activation. I hypothesized that paraquat would have deleterious 
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effects in both PC12 cells and planaria, and that manipulation of the ECS using URB597 and 

the CB1R EMF will have neuroprotective effects in both models. Chapter two of this 

manuscript explores the effects of paraquat in-vitro using a PC12 cell model and assesses the 

efficacy of URB597 as a neuroprotective agent. Chapter three then explores the effects of 

paraquat in-vivo using planaria and assesses the efficacy of both URB597 and the CB1R EMF 

as neuroprotective agents.  
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Abstract  

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that affects motor 

movements and destroys dopaminergic neurons in the substantia nigra of the midbrain. Paraquat 

has been used experimentally to induce effects similar to PD and the FAAH-inhibitor URB597 has 

been studied as a neuroprotective agent, as it increases intercellular levels of the endogenous 

cannabinoid anandamide. Here, I aimed to determine the most effective concentration of paraquat 

to induce a neurotoxic influence on the number of differentiated PC12 cells. Furthermore, I aimed 

to determine if treatment with URB597 could influence differentiation in PC12 cells exposed to 

paraquat. Results demonstrated that 500µM paraquat reduced the percentage of differentiated cells 

[F(4,57 = 6.659, p=<0.001, η2= 0.334] as well as the percent of viable cells [F(4,26 = 5.579, p= 

0.004, η2= 0.48]. The reduction in neurite outgrowth and cell viability elicited by paraquat 

confirms its efficiency as a neurotoxic agent in PC12 cells, causing symptoms of 

neurodegeneration. When PC12 cells were exposed to URB597 in conjunction with paraquat, 

levels of cell differentiation were significantly higher than those seen in paraquat alone [t(20)= -

4.032, p=<0.001]. These results demonstrate a neuroprotective effect against paraquat-induced 

neurotoxicity through the use of URB597. These effects suggest that manipulation of the 

endocannabinoid system (ECS) may be a therapeutic target against neurotoxicity and 

neurodegenerative damage. 
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Introduction  

 Parkinson’s Disease (PD) is a progressive neurodegenerative disorder that affects motor 

movements, resulting in adverse symptoms such as tremors, rigidity, bradykinesia, postural 

instability, difficulty producing facial expressions, and general dysfunctions walking (Chen et al., 

2013). PD is caused by neurodegeneration of dopaminergic neurons within the substantia nigra 

pars compacta (SNc) of the midbrain, resulting in the destruction of cellular connections 

responsible for motor output to the body (Lee Mosley et al., 2006). The degeneration of neurons 

in PD results from a series of dysfunctions,  such as proteostasis, oxidative stress, mitochondrial 

damage, inflammation, and apoptosis (Guo et al., 2020; Stojkovska et al., 2015). PD is non-

preventable, has no cure, and there are no current treatments to address all of the symptoms of the 

disease (Sherbaf et al., 2018). Using PC12 cells, effects similar to that of PD can be modelled 

using the neurotoxic effects of paraquat (Spivey, 2011).  

 Paraquat has been demonstrated to elicit neurodegenerative damage similar to PD in PC12 

cells (Zhang et al., 2022) and rodent models (Colle et al., 2020; Cristóvão et al., 2020). It is 

hypothesized that paraquat destroys cells via oxidative stress, mitochondrial impairment, and 

reactive oxygen species (ROS) production (Wang et al., 2014). Previous research has found that 

paraquat exposure elicits selective loss of dopaminergic neurons in the substantia nigra pars 

compacta similarly to the effects of PD (Torres-Rojas et al., 2021). In 1999, Li & Sun found that 

paraquat induced apoptotic cell death which was protected by antioxidant defense enzymes, 

supporting the hypothesis that PD may be destroying dopaminergic neurons via oxidative stress.  

 Emerging evidence suggests that the endocannabinoid system (ECS) may be a therapeutic 

target in the treatment of neurodegenerative disorders. Scientific evidence demonstrates an 

imbalance in ECS functioning in patients and animal models of PD; recent studies have shown 
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that manipulation of the system can improve the condition of animals suffering from 

neurodegeneration (Paes-Colli et al., 2022). The ECS acts mainly by controlling the activity and 

levels of other neurotransmitters through the modulation of excitatory and inhibitory synaptic 

plasticity, including the control of dopaminergic activity, the fundamental neurotransmitter 

involved in PD neurodegeneration (Medeiros et al., 2020). Studies have shown that activation of 

endocannabinoid receptors and increased levels of endocannabinoids were capable of reducing 

dopaminergic cell death, increasing dopamine levels, reducing neuroinflammation, and improving 

motor deficits (Paes-Colli et al., 2022). 

 Fatty acid amide hydrolase (FAAH) is an integral membrane protein and principle 

clearance enzyme that degrades the endogenous cannabinoid anandamide (Ahn et al., 2009).  

URB597 is an FAAH inhibitor that leads to anandamide accumulation and subsequently the 

activation of CB1R (Chesworth et al., 2018). Studies have shown that URB597 has protected 

against neurotoxic damage via down regulation of reactive oxygen species (ROS) (Zeissler et al., 

2012), inhibition of dopaminergic neuronal cell death in the SNc, and the improvement of motor 

alterations in SNc lesioned mice (Basavarajappa et al., 2017).  

 The inhibition of FAAH using URB597 blocks the metabolism of anandamide and 

subsequently increases its activity, resulting in endocannabinoid activation (Li et al., 2012). 

Anandamide will then bind to a CB1 receptor (cannabinoid receptor type 1) which modulates 

neurotransmitter levels (Zou & Kumar, 2018). Although dopaminergic (DA) neurons do not house 

CB1 receptors, they are regulated by CB1 activity through presynaptic inputs to DA neurons. 

Through the activation of CB1 receptors on synaptic terminals of GABAergic neurons, inhibition 

of GABA receptors on DA neurons can facilitate dopmainergic activity (Covey et al., 2017). 

Through its interactions with dopaminergic, glutamatergic, and GABAergic signaling systems, the 
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manipulation of the ECS shows promise in treating neurodegeneration. In my study, I investigated 

the neurotoxic effects of paraquat in PC12 cells and the efficacy of URB597 as a neuroprotective 

agent. 

 Pheochromocytoma (PC12) cells can be induced to differentiate, producing plasma 

membrane extensions when exposed to forskolin. These cells are an excellent model to investigate 

differentiation and neuronal activity due to their morphological and physiological similarity to 

primary sympathetic neurons (Nabiuni et al., 2011). When differentiated, PC12 cells demonstrate 

electrical excitability and are capable of secreting classical neurotransmitters such as dopamine, 

serotonin, and norepinephrine (Kumar et al., 1998). PC12 cells are widely used cell culture systems 

to study neurodegeneration (Grau & Greene, 2012) and are sensitive to mitochondrial toxins that 

exert effects which mimic that of PD, such as the herbicide and neurotoxin paraquat (N,N′-

dimethyl-4,4′-bipyridiniµM dichloride) (Yang & Sun, 1998). Using PC12 cells, effects similar to 

that of PD can be modelled using the neurotoxic effects of paraquat (Spivey, 2011). 

2 Methods  

2.1 Cell culturing  

 Pheochromocytoma (PC-12) cells, derived from the rat adrenal medulla, were obtained 

from Health Sciences North (Sudbury, ON, Canada) and kept at 37°C and in a 5% CO2 water 

jacketed incubator. They were maintained in RPMI-1640 media with 10% horse serum, 5% fetal 

bovine serum, 10,000U/ml of penicillin, 10,000µg/mL of streptomycin, and 25µg/mL of 

Amphotericin B. The cells were subcultured every 6-7 days in 100mm culture dishes and stock 

plates were split to approximately 20,000 - 50,000 cells/mL, as recommended for observation of 

neurite outgrowth (Harrill & Mundy, 2011). After 3-4 days, 2mL of the stock solution was 

discarded and replaced with 2mL of fresh RPMI-1640 media. All cells were split and subcultured 
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24 hours before beginning experimentation, allowing time for the cells to grow and adhere to the 

culture plates.  

2.2 Preparation of experimental plates for viability and induction of plasma membrane 

extensions 

 PC-12 stock plates were aspirated using a micropipette to remove adhered cells and 1.5mL 

of the stock solution was transferred to a 2mL centrifuge tube. The stock solution was then 

aspirated at least five times at a rate of 1 mL/minute using a 20-gauge needle. Once the cells were 

split, 1mL of the stock solution was transferred to a new 100mm stock plate with 9mL of RPMI-

1640 media. For cell viability measures, 100µL of newly split cell solution was added to a 35mm 

culture plate in conjunction with 2mL of RPMI-1640 growth serum. The cell plates were then 

treated with 100µL  of compound solution from one of nine conditions and left in the incubator 

for 72 hours before measurement. 

 For the induction of plasma membrane extensions, 35mm culture plates were pre-coated 

with poly-l-lysine (70,000 to 150,000 kDa) for a period of three hours to maximize cell adherence. 

The poly-l-lysine was then discarded and the plates were rinsed twice with 2mL of distilled water. 

100µL of the stock solution was then added to each 35mm culture plate in conjunction with 2mL 

of RPMI-1640 media. The recently prepared stock plate and experimental plates were then placed 

into the 5% CO2 water jacketed incubator at 37°C. After a 24 hour adhesion period, growth serum 

was removed and cells were supplemented with 2mL of serum-free media (RPMI-1640 with 0.5% 

antibiotic and antimycotic). Experimental plates were then treated with 1µL of Forskolin and 

100µL of their respective compounds through 8 separate conditions: control (no compound), 1µM 

URB597, 10µM URB597, 100µM URB597, 100µM paraquat, 300µM paraquat, 500µM paraquat, 

and 700µM of paraquat. Number of cell plates per condition per trial can be seen in Appendix A. 
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 Following this experimental protocol, 100µM URB597 URB597 was selected for further 

investigation as it had no effect on cell viability or cell differentiation. In addition, 500µM paraquat 

was selected for further investigation because if its negative impacts on cell survival and cell 

differentiation. Experimental plates were then treated with 1uL of Forskolin and 100µL of their 

respective compounds through 4 separate conditions: control (no compound), 100µM URB597, 

500µM paraquat, and a mixture of 100µM URB and 500µM paraquat (Figure 1). 

 

Figure 1: PC12 cell plates experimental infographic. 

2.3 Compounds 

 URB597 (carbamic acid, N-cyclohexyl-, 3′-(aminocarbonyl)[1,1′-biphenyl]-3-yl ester) 

was purchased from Cayman chemicals (Ann Arbor, MI, USA). Paraquat (1,1′-Dimethyl-4,4′-

bipyridinium dichloride hydrate) was purchased from Sigma Aldrich (St. Louis, MO, USA). 
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URB597 was dissolved 500µL of DMSO and a stock solution was prepared using distilled water; 

the final experimental concentrations were obtained through serial dilution. A Paraquat stock was 

prepared in distilled water and the final experimental concentrations were also obtained through 

serial dilution. 

2.4 Cell morphological measures  

 To assess the growth of plasma membrane extensions, photos (N=3) were taken 6 days 

after exposure using a light compound microscope at 100x magnification. The total number of 

cells were counted and summed for each plate. Cells bearing no plasma membrane extensions 

(undifferentiated) were counted and reported as a mean for each cell plate (Figure 2). Cells bearing 

plasma membrane extensions (any observable protrusion leading back to the cell body) were 

counted as either unipolar (one extension) or multipolar (two or more extensions) (Figures 3 & 4).  

The total number of cells bearing plasma membrane extensions were counted and recorded. To be 

included, plasma membrane extensions had to have matched or exceeded the length of the cell. 

soma. 

 

  

Figure 2A: Undifferentiated cells (no extensions). 
Figure 2B: Unipolar cell (one extension). 
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2.5 Cell viability  

  

 Using a hemocytometer, the numbers of viable and nonviable cells in each condition were 

counted and recorded. Each plate was aspirated and 300µL of cell solution was added to a 

microcentrifuge tube with 20µL of trypan blue. The solution was aspirated gently and 10µL of 

solution was added to each side of the hemocytometer. The counting area was then observed at 

10x magnification using an inverted microscope and the cells that were negative for trypan blue 

(viable) and positive for trypan blue (unviable) were counted and recorded (Figure 5).  The number 

of viable cells was then reported as a proportion of the total cell count.  

 

Figure 2C: Multipolar cells (two or more extensions). 
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2.6 Methods of analyses  

 Raw data were computed into a percent of total cells observed based on the feature of 

interest (undifferentiated, cells with plasma membrane extensions, viable, nonviable) and were 

transferred to IBM SPSS 26 to be used in subsequent analyses. When normally distributed, a one-

way ANOVA was used to test for differences among conditions. When the results of the ANOVA 

indicated significant differences, Tukey’s post-hoc tests were implemented to determine where the 

differences occurred. Data transformations (truncation) had no effect on non-parametric data, 

therefore subsequent non-parametric tests were used: a Kruskal-Wallace test was implemented to 

test for differences among conditions, followed by a Man-Whitney U test to identify pairwise 

differences.  

 

Figure 3: Viable and nonviable cells indicated by staining with trypan blue displayed in a 

hemocytometer. 
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3 Results  

 In terms of cell differentiation, there was no significant different between conditions across 

all concentrations of URB597 and controls [F(4,59 = 1.612, p=0.184, η2= 0.104] (Figure 6).  

  

Figure 4: Percent (%) differentiated cells by URB597 dosage. Error bars represent SEMs. No 

significant difference. Five trials were performed independently with n=3 cell plates per trial. Due 

to contamination, some cell plates in the URB597 conditions were not measured. n=total number 

of cell plates. N=50. 
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 Next, a one-way ANOVA revealed a significant difference among conditions in terms of 

percentage of differentiated cells in the paraquat conditions [F(4,57 = 6.659, p=<0.001, η2= 0.334] 

(Figure 5). Tukey’s post hoc tests revealed that the effect was being driven by the differences 

between control and 500µM paraquat (p=0.008) and between control and 700µM paraquat 

(p=<0.001).  

 

 

Figure 5: Percent (%) differentiated cells by paraquat dosage. Error bars represent SEMs. 500µM and 

700µM were significantly (p<0.05) lower than controls. Five trials were performed independently 

with n=3 cell plates per trial. Due to contamination, some cell plates plates were not available for 

measurement across all conditions. n=total number of cell plates. N=58. 
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 In terms of cell viability, there was no significant different between conditions in terms of 

all concentrations of URB597 and controls [F(4,30 = 0.792, p=0.541, η2= 0.108] (Figure 6).   .  

 

 

Figure 6: Percent (%) viable cells by URB597 dosage. Error bars represent SEMs. There were no 

significant differences between conditions. Four trials were performed independently with n=2 

cell plates per trial. Due to contamination or experimental error, some cell plates were not available 

for measurement in the 1 µM and 100µM concentrations. n=total number of cell plates. N= 27. 

 

 A one-way ANOVA revealed a significant difference between conditions in terms of 

percent of viable cells [F(4,26 = 5.579, p= 0.004, η2= 0.48] (Figure 7). Tukey’s post hoc revealed 

that the effect was being driven by the differences between control and 500µM paraquat (p=0.016) 
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and between control and 700µM paraquat (p=0.003), which both demonstrated a lower percentage 

of viable cells.          

                                          . 

  

 

Figure 7: Percent (%) viable cells by paraquat dosage. Error bars represent SEMs. 500µM and 

700µM were significantly (p<0.05) lower compared to controls. Four trials were performed 

independently with n=2 cell plates per trial. Due to contamination or experimental error, some cell 

plates across all four concentrations of paraquat were not available for measurement. n=total 

number of cell plates. N=27. 

 

 Moving forward with the next set of experiments, 500µM paraquat was chosen as an 
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elicitor of neurotoxic cell damage, because this concentration decreased the percentage of 

differentiated cells in comparison to controls and reduced the number of viable cells in comparison 

to controls. The 100µM concentration of URB597 was chosen moving forward, as it had no effect 

on cell viability or differentiation. 

 To compare the difference in percentage of viable cells between controls, 100µM URB597, 

500µM paraquat, and a mixture containing 100µM URB597 and 500µM paraquat, a Kruskal-

Wallace H test was implemented and demonstrated a significant difference between conditions: 

H(3)= 21.452, p=<0.001 (Figure 8). A Mann-Whitney U test indicated that 100µM URB597 + 

500µM paraquat had significantly lower cell viability than controls [U(Ncontrol=7, Nparaquat=7)= 

0.000, z=-3.13, p=0.002. There was no significant difference in cell viability between 500µM 

paraquat and the 100µM URB597 + 500µM paraquat condition.      
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                                 .                                                    

                                                                                                                  

Figure 8: Percent (%) viable cells with mixture of URB597 and paraquat. Error bars represent 

SEMs. Both the 500µM paraquat and 100µM URB597 + 500µM conditions had significantly 

(p<0.05) lower cell viability than controls. Four trials were performed independently with n=1 cell 

plate for the first trial and n=2 cell plates for the last three trials. n=total number of cell plates. 

N=28. 

 

 A Kruskal-Wallace H test was performed on controls, 100µM URB597, 500µM paraquat, 

and a mixture containing 100µM URB597 and 500µM paraquat, demonstrating significant 

difference between conditions in terms of percent of differentiated cells: H(3)= 17.492, p=<0.001 

(Figure 9). A Mann-Whitney U test indicated that 100µM URB597 + 500µM paraquat had 

significantly lower percentage of differentiated cells compared to controls [U(Ncontrol=10, 
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Nparaquat=10)= 4.000, z=-3.44, p=<0.001]. A Mann-Whitney U test indicated that 100µM URB597 

+ 500µM paraquat had significantly higher percentage of differentiated cells compared to 500µM 

paraquat alone [U(Nparaquat=10, Nparaquat+URB=11)= 13.000, z=-3.12, p=0.002]. 

 

 

Figure 9: Percent (%) differentiated cells by condition. Error bars represent SEMs. 100 µM 

URB597 + 500µM paraquat was significantly higher than 500µM paraquat alone. Five trials were 

performed independently with n=2 cell plates per trial. n=total number of cell plates. N=51. 

 

 This experiment established a concentration curve for paraquat and URB597 for their 

effects on cell viability and cell differentiation. I found that all concentrations of URB597 used 

had no effect on cell differentiation or cell viability on their own. Therefore, I chose the highest 

concentration (100µM URB597) as a potential neuroprotective agent for experimentation in the 
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next chapter. 

Discussion  

The main goal of this experiment was to explore the effects of paraquat as a neurotoxin and the 

effects of URB597 as a neuroprotective agent. There were two main findings. First, the results 

demonstrated that paraquat significantly decreased cell survival and cell differentiation. Secondly, 

I found that treatment with URB597 increased the percentage of differentiated cells in response to 

paraquat-induced toxicity. Overall, my hypothesis that FAAH inhibition using URB597 would 

have neuroprotective effects was supported by the data in this experiment. 

 As an elicitor of neurotoxic damage, paraquat significantly decreased the percentage of 

cells that differentiated, forming one or more neurites that measured at least half the length of the 

cell body. These findings align with previous research findings stating that paraquat reduced 

differentiation in PC12 cells, symptoms that are highly similar to what is seen in PD (Zhang et al., 

2022). In fact, paraquat has been used as a neurodegenerative model for PD in PC12 cells (Zhang 

et al., 2022) and rodent models (Colle et al., 2020; Cristóvão et al., 2020). The mechanism in which 

these neurotoxic effects occur can be explained using results from previous research, stating that 

paraquat destroys cells via oxidative stress, mitochondrial impairment, and reactive oxygen species 

(ROS) production (Wang et al., 2014). Studies have found that paraquat exposure elicits selective 

loss of dopaminergic neurons in the substantia nigra pars compacta, which also supports its 

alignment with the effects of PD (Torres-Rojas et al., 2021). The reduction in neurite outgrowth 

and cell viability elicited by paraquat confirms its efficiency as a neurotoxic agent in PC12 cells, 

causing symptoms of neurodegeneration. Data contributes to the growing body of research aimed 

at producing neurodegenerative models in-vitro. The implications of this are that 

neurodegenerative models can be created using PC12 cells and the measurement of neurite 
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outgrowth.  

 Furthermore, previous research found that paraquat-induced cell death was protected using 

antioxidants (Li & Sun 1999), providing evidence that paraquat causes oxidative stress and 

inspiring the manipulation of the endocannabinoid system (ECS) as an means of neuroprotection 

against neurodegeneration (Paes-Colli et al., 2022). It is for this reason that I used the FAAH 

inhibitor, URB597, as a possible neuroprotective agent against reduced levels of cell 

differentiation. URB597 was effective as a neuroprotective agent, significantly increasing levels 

of cell differentiation to paraquat-exposed PC12 cells. URB597 has neuroprotective properties 

through the inhibition of FAAH. Mechanistically, these results can be explained through an 

increase in anandamide that occurs when FAAH is inhibited (Chesworth et al., 2018), which 

protects against neurotoxic damage via down regulation of reactive oxygen species (ROS) 

(Zeissler et al., 2012), inhibition of dopaminergic neuronal cell death in the SNc, and the 

improvement of motor alterations in SNc lesioned mice (Basavarajappa et al., 2017).  

 I hypothesize that URB597 caused an increase in the endogenous levels of anandamide in 

PC12 cells through the inhibition of FAAH and subsequent increase in anandamide. However, this 

cannot be said for certain because I did not directly measure anandamide levels, but the 

neuroprotective results align with the mechanisms of URB597 as an FAAH inhibitor. These results 

support previous research declaring that URB597 has neuroprotective properties. The possible of 

effects of URB597 as a neuroprotective agent originate with the activation of endocannabinoid 

receptors, which have been found to increase levels of endocannabinoids. An increase in 

endogenous endocannabinoids have been found to reduce dopaminergic cell death, increase 

dopamine levels, reduce  neuroinflammation, and improve motor deficits (Paes-Colli et al., 2022). 

The data a clear improvement in PC12 cell differentiation when exposed to URB597, which I think 
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can be explained by a possible manipulation of the ECS. The importance of this is that paraquat 

can be used as a model of neurodegeneration through the measurement of neurite outgrowth, which 

was shown to be effectively increased through the use of URB597, a modulator of the ECS.  

 As a general conclusion, this study determined that paraquat is effective in producing 

neurotoxic damage and is precarious for biological organisms. Paraquat decreased cell viability 

and cell differentiation in PC12 cells, supporting the statement that paraquat causes symptoms of 

neurodegeneration. As a treatment, URB597 was effective in increasing cell differentiation in 

response to paraquat-induced toxicity. These results propose that the inhibition of FAAH has 

protective effects against damage produced by paraquat. Additionally, this study supports the 

hypothesis that manipulation of the ECS may be a therapeutic target for neurodegenerative 

diseases.   
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CHAPTER THREE 

 

 

 

  Amelioration of paraquat-induced hypomobility in planaria using the fatty acid amide 

hydrolase (FAAH) inhibitor URB597 and the application of low intensity, physiologically 

patterned, electromagnetic fields 

 

  



 

47 

 

Abstract 

Paraquat is still used in several countries worldwide as a pesticide and is frequently found in 

surface water systems, acting as a potential neurotoxin to aquatic organisms.  Paraquat can cause 

mitochondrial dysfunction, altering in the redox state of cells that is tied to the development of 

neurodegenerative diseases such as Parkinson’s Disease (PD).  The planarian model has been used 

successfully for investigating the neurotoxicology of dopamine neurons, and for the initial 

screening of the neuroprotective potential of drugs. Elevating levels of endocannabinoids with 

inhibitors of fatty acid amide hydrolase (FAAH) such as URB597 can provide protection against 

neurotoxic damage. Additionally, planaria are sensitive to low frequency EMFs and possess 

endogenous endocannabinoid receptors such as the cannabinoid receptor type 1 (CB1R). Since 

EMFs can be produced to transmit waves that mimic the activity of biological processes, I 

generated an EMF pattern to mimic the activity of the CB1R which tested as a treatment for 

paraquat-induced toxicity in planaria. In this experiment, I aimed to determine (1) if exposure to 

paraquat elicits negative effects on planarian locomotor velocity, (2) what exposure concentration 

and duration elicits the most significant effects, and (3) whether exposure to the FAAH-inhibitor 

URB597 has therapeutic effects against paraquat-induced neurotoxicity, and (4) whether exposure 

to the CB1R EMF has therapeutic effects against paraquat-induced neurotoxicity. Paraquat 

significantly decreased planarian locomotor velocity [F(2,41 = 28.965, p= <0.001, η2= 0.586] with 

500µM paraquat being significantly lower than the control group (p=<0.001) with a 72 hour 

exposure period being the most significant decrease [t(59)=7.647, p=<0.001]. However, when 

exposed to URB597 in conjunction with paraquat, there was a significant increase in locomotor 

velocity compared to paraquat alone (p=<0.001). Additionally, there was a significant difference 

in locomotor velocity when planaria were exposed to a control, sin EMF, and the CB1 EMF 
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[H(1)=98.567, p=<0.001]. Planarian locomotor velocity was significantly higher when exposed to 

the CB1R EMF in comparison to controls [U=56.5, z=-2.795, p=0.005].  These results demonstrate 

that paraquat causes neurotoxic damage that negatively effects locomotion in planaria. However, 

neuroprotective effects were found when implementing URB597 as a therapeutic, seeing 

significant increases in locomotor activity. When exposed to the CB1R EMF for 30 minutes a day 

during the 72 hour exposure period to paraquat, there was a significant increase in planarian 

locomotor velocity in response to toxicity. The results of this experiment suggest that influencing 

the endocannabinoid system (ECS) using URB597 and the CB1R EMF could be a potential 

therapeutic target for toxicity and neurodegeneration.  
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Introduction 

 Parkinson’s Disease (PD) is a progressive neurodegenerative disorder that affects motor 

movements and is caused by neurodegeneration of dopaminergic neurons within the substantia 

nigra pars compacta (SNc) of the midbrain (Lee Mosley et al., 2006). This results in the destruction 

of cellular connections responsible for motor output to the body, resulting in adverse effects such 

as tremors, rigidity, bradykinesia, postural instability, difficulty producing facial expressions, and 

general dysfunctions walking (Chen et al., 2013). PD is non-preventable and has no cure (Sherbaf 

et al., 2018).  

 Paraquat is known to elicit neurodegenerative damage similar to PD (Colle et al., 2020; 

Cristóvão et al., 2020). It is hypothesized that paraquat destroys cells via oxidative stress, 

mitochondrial impairment, and reactive oxygen species (ROS) production (Wang et al., 2014). 

Similar to the effects of PD, previous research has found that paraquat exposure elicits selective 

loss of dopaminergic neurons in the substantia nigra pars compacta (Torres-Rojas et al., 2021). In 

1999, Li & Sun found that paraquat induced apoptotic cell death which was protected by 

antioxidant defense enzymes, supporting the hypothesis that PD may be destroying dopaminergic 

neurons via oxidative stress.  

 Recent studies suggest that the endocannabinoid system (ECS) may be a therapeutic target 

in the treatment of neurodegenerative diseases. Scientific evidence demonstrates an imbalance in 

ECS functioning in patients and animal models of PD; manipulation of the system can improve 

the condition of animals suffering from neurodegeneration (Paes-Colli et al., 2022). The ECS 

operates through the modulation of excitatory and inhibitory synaptic plasticity, including the 

control of dopaminergic activity, the fundamental neurotransmitter involved in PD 

neurodegeneration (Medeiros et al., 2020). Activation of endocannabinoid receptors and increased 
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levels of endocannabinoids were capable of reducing dopaminergic cell death, increasing 

dopamine levels, reducing neuroinflammation, and improving motor deficits (Paes-Colli et al., 

2022) . 

 Fatty acid amide hydrolase (FAAH) is an integral membrane protein and principle 

clearance enzyme that degrades the endogenous cannabinoid anandamide (Ahn et al., 2009).  

URB597 is an FAAH inhibitor that leads to anandamide accumulation (Chesworth et al., 2018) 

and protects against neurotoxic damage via down regulation of reactive oxygen species (ROS) 

(Zeissler et al., 2012), inhibition of dopaminergic neuronal cell death in the SNc, and the 

improvement of motor alterations in SNc lesioned mice (Basavarajappa et al., 2017). In my study, 

the neurotoxic effects of paraquat in planaria were explored through the measurement of planarian 

locomotor velocity. Additionally, the possible neuroprotective effects of manipulating the ECS 

were studied using the FAAH inhibitor URB597.  

 Although dopaminergic (DA) neurons do not house CB1 receptors, they are regulated by 

CB1 activity through presynaptic inputs to DA neurons that modulate circuitry within the 

midbrain. Through the activation of CB1 receptors on synaptic terminals of GABAergic neurons, 

inhibition of GABA receptors on DA neurons can facilitate dopaminergic activity (Covey et al., 

2017). Specifically, expression of the CB1 receptor is particularly high on the direct pathway axons 

entering the globus pallidus as they travel towards the substantia nigra, the key area involved in 

PD (Lu & MacKie, 2016).  

 Exposure to extremely low frequency electromagnetic fields (ELF-EMF) can alter 

molecular and cellular processes, and subsequently the behaviour of animals (Jankowska et al., 

2015). EMFs have been found to induce changes in membrane potential, intercellular levels of 

calcium, and enzymatic activity modification through the mimicking of receptor binding (Simkó, 
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2004). In this study, a specially patterned EMF was constructed using the enzymatic activity of 

the CB1 receptor. By exposing planaria to the CB1R EMF, I aimed to determine its effects on 

planarian locomotor activity when exposed to the neurotoxin paraquat. 

 Planaria (Dugesia dorotocephala) are free-living members of the phylum Platyhelminthes 

(Rink, 2012). The planarian central nervous system is comprised of nearly all the main 

neurotransmitters in as humans: dopamine, glutamate, acetylcholine, serotonin, GABA, and other 

neuropeptides (Inoue, et al. 2015). Additionally, planarian bodies possess monopolar, bipolar, and 

multipolar neurons with dendritic spines, allowing the integration of complex sensory signals from 

their environment (Okamoto, Takeuchi, & Agata, 2005).  Planaria are often the subject of study 

for drug interactions, brain regeneration, and the analysis of genes (Lobo, Beane, & Levin, 2012). 

In terms of cell morphology and physiology, the planarian nervous system is more similar to the 

vertebrate nervous system than other invertebrate organisms (Pagán et al., 2009).   

  Planaria exhibit neural plasticity and a sensitivity to neurotoxins, making them an 

excellent model for the study of neuroprotection (Inoue, et al. 2015). Using planaria, the effects of 

PD can be modelled using the neurotoxic effects of paraquat on locomotor behaviours (Spivey, 

2011). Studies with planaria have shown that exposure to paraquat induces oxidative stress, 

decreasing planarian locomotor velocity (pLMV) and delaying photoreceptor regeneration 

(Saraiva et al., 2020). It has been confirmed that planaria rely on the dopaminergic system for their 

locomotor behaviours (Inoue et al., 2015). Henceforth, paraquat exposure in planaria can be used 

as an experimental model to induce PD-like symptoms through damage to dopaminergic cells. 

2 Materials and Methods 

2.1 Planarian Maintenance  
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 Planaria  were obtained from Carolina Biological Supply and stored at 4˚C in a Tupperware 

container filled with spring water sourced from Feversham, Grey County, Ontario. The ion content 

analysis for the natural spring water is as follows: HCO3: 270ppm, Ca: 71ppm, Cl: 2.7ppm, Mg: 

25ppm, NO3: 2.6 ppm., K: 0.7ppm, Na: 1ppm, SO4: 5.9ppm. The water in the container was 

changed twice a week. Planaria were fed 10g of fresh calf liver per 100 worms once every 10-14 

days to maintain consistent metabolic activity. All planaria were acclimated to ambient lab 

temperature (21˚C) before use, and stored in the dark at all times when not in use. Approval of 

ethical and animal committees is not required for research involving planarian flatworms. 

2.2 Compounds 

 URB597 (carbamic acid, N-cyclohexyl-, 3′-(aminocarbonyl)[1,1′-biphenyl]-3-yl ester) 

was purchased from Cayman chemicals (Ann Arbor, MI, USA). Paraquat (1,1′-Dimethyl-4,4′-

bipyridinium dichloride hydrate) was purchased from Sigma Aldrich (St. Louis, MO, USA). 

URB597 was dissolved in 500uL of DMSO and a stock solution was prepared using spring water. 

The final experimental concentrations were obtained through serial dilution. A Paraquat stock was 

prepared in spring water and the final experimental concentrations were obtained through serial 

dilution. 

2.3 Behavourial Studies: Planarian Locomotor Velocity (pLMV)  

 The locomotor activity of planaria can be quantified using a behavioural paradigm 

introduced by Raffa and colleagues in 2001 (Raffa et al., 2001), referred to as planarian locomotor 

velocity (pLMV). Since the introduction of this method, it has been used by many other researchers 

as a means of measuring planarian motility (Cao et al., 2020; Hagstrom et al., 2016; Moustakas et 

al., 2015; Raffa et al., 2012; Ramakrishnan et al., 2014). The behavioural assay is performed in 

real time by placing a clear 10cm petri dish on top of a 0.5cm2 grid. The petri dish is filled with 
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20mL of natural spring water and each worm is observed independently for a period of 3 minutes. 

During this observational period, the number of gridlines crossed and re-crossed are counted 

(Figure 10). Under normal experimental conditions, planaria will explore the petri dish at a 

constant velocity in a forward direction, with subsequent turns and few stops (Thumé & Frizzo, 

2017). 

 

Figure 10: Behavioural paradigm for measurement of planarian locomotor velocity (pLMV). 

 

2.4 Experimental Design and Measures 

2.4.1 Determining a concentration of paraquat  

 The goal of this experiment was to develop the appropriate concentration of paraquat to 



 

54 

 

elicit a decrease in planarian locomotor velocity. Planaria were exposed to one of three conditions 

for 24 hours: control (spring water), 250µM paraquat, or 500µM paraquat. Planaria were 

individually housed in microcentrifuge tubes filled with 2mL of their respective conditions and 

were stored in the dark for the entirety of their exposure durations (i.e., 24 hours). Immediately 

following their respective exposure conditions, planaria were deposited into the centre of a clear 

10cm petri dish placed on top of a 0.5cm2 grid and observed for a total of 3 minutes. During this 

observational period, the number of gridlines crossed (pLMV) and all behaviours were recorded. 

For subsequent experiments, the 500µM concentration of paraquat was chosen as a target 

concentration because it was most significant in decreasing the pLMV.  

2.4.3 Determining an exposure duration for paraquat 

 The goal of this experiment was to develop the appropriate timing of paraquat exposure to 

elicit a decrease in planarian locomotor velocity. Planaria were exposed to one of two conditions: 

control (spring water) or 500µM paraquat for three different exposure durations: 24 hours, 48 

hours, and 72 hours. Planaria were individually housed in microcentrifuge tubes filled with 2mL 

of their respective conditions and were stored in the dark for the entirety of their exposure 

durations. Immediately following their respective exposure conditions, planaria were deposited 

into the center of a clear 10cm petri dish placed on top of a 0.5cm2 grid and observed for a total of 

3 minutes. During this observational period, the number of gridlines crossed (pLMV) and all 

behaviours were recorded. Behavioural measures were taken after 24, 42, and 72 hour exposure 

durations. 72 Hours was chosen as a target exposure duration moving forward because it elicited 

the most significant decrease in pLMV.  

2.4.3 72 hour exposure to paraquat and URB597 

 The goal of this experiment was to determine the planarian locomotor velocity when 
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exposed to 100µM URB597 in conjunction with 500µM paraquat. Planaria were exposed to one 

of four conditions: control (spring water), 100µM URB597, 500µM paraquat, and a mixture 

containing a final concentration of 100µM URB597 and 500µM paraquat for a duration of 72 

hours. Planaria were individually housed in microcentrifuge tubes filled with 2mL of their 

respective conditions and were stored in the dark for the entirety of their exposure durations. 

Immediately following their respective exposure conditions, planaria were deposited into the 

centre of a clear 10cm petri dish placed on top of a 0.5cm2 grid and observed for a total of 3 

minutes. During this observational period, the number of gridlines crossed (pLMV) and all 

behaviours were recorded. . Number of planaria per condition per trial can be seen in Appendix B. 

2.4.4 Exposure to SIN EMF 

 The goal of this experiment was to demonstrate the effects of the SIN EMF pattern as a 

control for EMF exposure. The sinusoidal sine wave is used a control for EMF research because 

it retains the same frequency despite amplitude variations. This allows for the effect of frequency 

modulation to be explored when compared to other EMFs. During all field exposures, planaria 

were placed directly into the exposure device, which was a 38 cm X 33 cm X 27 cm plastic milk 

crate that was wrapped in a single layer with 305 m of 30 AWG primary, insulated copper wire.  

  Planaria were exposed to one of two conditions: control (spring water) or 500µM Paraquat 

for a duration of 72 hours and were exposed at 24 hour intervals (24, 48, and 72 hours) to one of 

two EMF patterns for 30 minutes: Sham (no field) or SIN EMF (Figure 15). Planaria were 

individually housed in microcentrifuge tubes filled with 2mL of their respective conditions and 

were stored in the dark for the duration of their exposure aside from their EMF treatments. 

Following this 72 hour period, planaria were deposited into the centre of a clear 10cm petri dish 
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placed on top of a 0.5cm grid and observed for a total of 3 minutes. During this observational 

period, the number of gridlines crossed (pLMV) and all behaviours were recorded.  

2.4.4 Exposure to CB1R EMF  

 The goal of this experiment was to determine the effects of the CB1R EMF on planarian 

behavior when exposed to paraquat. Planaria were exposed to one of two conditions: control 

(spring water) or 500µM Paraquat for a duration of 72 hours and were exposed at 24 hour intervals 

(24, 48, and 72 hours) to one of two EMF patterns for 30 minutes: Sham (no field) or CB1R EMF 

(Figure 15). Planaria were individually housed in microcentrifuge tubes filled with 2mL of their 

respective conditions and were stored in the dark for the duration of their exposure aside from their 

EMF treatments. Following this 72 hour period, planaria were deposited into the center of a clear 

10cm petri dish placed on top of a 0.5cm grid and observed for a total of 3 minutes. During this 

observational period, the number of gridlines crossed (pLMV) and all behaviours were recorded. 

Number of planaria per condition per trial can be seen in Appendix B. 

Figure 11: Paradigm for EMF exposure by condition: control (spring water) or 500µM paraquat. 
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2.5 Methods of analyses  

 Raw data (number of gridlines crossed) were computed into a mean ± SEM and were 

transferred to IBM SPSS 26 to be used in subsequent analyses. When normally distributed, a one-

way ANOVA was used to test for differences among conditions. When the results of the ANOVA 

indicated significant differences, Tukey’s post-hoc tests were implemented to determine where the 

differences occurred. Data transformations (truncations) had no effect on non-parametric data, 

therefore subsequent non-parametric tests were used when not normally distributed: a Kruskal-

Wallace test was implemented to test for differences among conditions, followed by a Man-

Whitney U test to identify pairwise differences.  

3. Results 

 The mean number of gridlines crossed differed among conditions [F(2,41 = 28.965, p= 

<0.001, η2= 0.586] (Figure 12). Planaria in both the 250µM paraquat and 500µM paraquat 

conditions crossed significantly fewer gridlines than planaria in the control (p=<0.001). The 

500µM concentration of paraquat was chosen moving forward as it significantly decreased pLMV 

and PC12 cell viability and differentiation in the previous chapter. 
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Figure 12: Mean number of gridlines crossed by condition. Error bars represent SEMS. 250µM 

and 500µM paraquat were significantly (p<0.05) lower than control. Four trials were performed 

individually with n=4 planaria per trial. Due to mortality, some planaria were not available for 

measurement in both the control condition and the 500µM paraquat condition . PQ= paraquat. n= 

total number of planaria. N=44. 

 

 Next, the effects of exposure duration on the number of gridlines crossed was evaluated. A 

one way ANOVA determined significant groups in terms of gridlines crossed the 24 hour condition 

[F(1,39 = 14.959, p<0.001, η2= 0.282], the 48 hour condition  [F(1,57) = 45.389, p <0.001, η2= 

0.448], and the 72 hour condition  [F(1,60 = 58.477, p<0.001, η2= 0.498]. Since only two groups 

are being compared, post-hoc t-tests were used and revealed a significantly lower number of 
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gridlines crossed in the paraquat condition compared to controls for all exposure durations [24 

hour exposure t(38)=3.868, p=<0.001, the 48 hour exposure t(56)=6.737, p=<0.001, and the 72 

hour exposure t(59)=7.647, p=<0.001] (Figure 13).The 72 hour exposure duration to 500µM 

paraquat was chosen as an elicitor of decreased locomotor activity in subsequent experiments as it 

showed the most significant decrease in pLMV. 

 

Figure 13: Mean number of gridlines crossed by condition. Error bars represent SEMs. Paraquat 

was significantly (p<0.05) lower after 72 hour exposure. Four trials were performed independently 

with n=5 planaria per trial. Due to mortality, some planaria were not available for measurement 

across all conditions. PQ= paraquat. n=total number of planaria. N= 39 planaria for the 24 hour 

condition, 30 planaria for the 48 hour condition, and 21 for the 72 hour condition. 
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 A one-way ANOVA showed a significant effect after 72 hours of exposure between 

controls, 100µM URB597, 500µM paraquat, and a mixture containing 100µM URB597 and 

500µM paraquat [F(3,126 = 26.008, p= <0.001, η2= 0.382] (Figure 14). Tukey’s post-hoc test 

determined that the number of gridlines crossed was significantly lower in the 500µM paraquat 

condition than all other conditions (p=<0.001). There were no differences between all other 

conditions. 

 

Figure 14:  Mean number of gridlines crossed by condition. Error bars represent SEMs. 500µM 

paraquat was significantly (p<0.05) lower than 100µM URB597 + 500µM paraquat. Four trials 

were completed independently with n=3 planaria per trial. PQ= paraquat. n= total number of 

planaria. N= 47. 
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 A Kruskal-Wallis H test was performed selecting field condition and paraquat as 

independent variables and revealed a significant difference in mean number of gridliness crossed 

between conditions: H(1)=98.567, p=<0.001 [N=155] (Figure 15). A Man-Whitney U test revealed 

a significant difference in gridlines crossed in the paraquat condition between controls (Sham) and 

CB1R EMF [U=1409.5, z=-2.110, p=0.035], and between Sin EMF and CB1R EMF [U=56.5, z=-

2.795, p=0.005]. There was no significant difference in the mean number of gridlines crossed in 

the paraquat condition between control (Sham) and Sin EMF. 

 

Figure 15: Mean # of gridlines crossed based on condition. Error bars represent SEMs. 500µM 

paraquat was significantly (p<0.05) higher when exposed to the CB1R EMF. For control (no field), 

six trials were completed independently with n=6 planaria per trial; for the SIN EMF, three trials 
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were completed independently with n=5 planaria per trial; for the CB1R EMF, five trials were 

completed independently with n= 5 planaria per trial. Due to mortality, some planaria were not 

available for measurement across all conditions. n= total number of planaria. N= 155. 

Discussion 

 This study assessed the effects of paraquat, URB597, and an EMF patterned after CB1R 

activation. There were three main findings. First, paraquat decreased locomotor activity in planaria 

and showed the most significant results after 72 hours. Second, treatment with URB597 increased 

planarian locomotor velocity (pLMV) in response to paraquat so that it matched normal control 

levels. Third, three 30 minute exposures to the CB1R EMF once a day for three days had a positive 

significant impact on pLMV. Overall, URB597 demonstrated the most significant results as a 

neuroprotective agent. 

 Paraquat acts as a neurotoxic agent in planaria through a potent decrease in pLMV. These 

effects align with previous research findings that deemed paraquat an elicitor of decreased pLMV 

in planaria (Saraiva et al., 2020). Research has found that paraquat depletes dopaminergic neurons, 

which largely control motor behaviours (Torres-Rojas et al., 2021). These results align with the 

notion that planaria rely on dopaminergic activity for locomotion and that paraquat has a 

neurotoxic effect on dopaminergic neurons (Inoue et al., 2015; Nishimura et al., 2007; Raffa & 

Martley, 2005). Therefore, disrupted locomotor activity can be seen as a neurobehavioral symptom 

of dopaminergic neuronal damage in planaria. Since numerous research studies have found that 

exposure to paraquat can increase the risk of developing Parkinson’s disease (PD) (Colle et al., 

2020), the results contribute to the growing network of data that aim to use paraquat as a model 

for neurodegenerative disease in-vivo (Torres-Rojas et al., 2021).  

 Furthermore, previous research found that paraquat-induced cell death was protected using 
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antioxidants (Li & Sun 1999), providing evidence that paraquat causes oxidative stress and 

inspiring the manipulation of the endocannabinoid system (ECS) as an avenue of neuroprotection 

against the resultant neurodegeneration (Paes-Colli et al., 2022). It is for this reason that I used the 

FAAH inhibitor, URB597, as a possible neuroprotective agent against the paraquat-induced 

decreased in locomotor activity. When planaria were exposed to URB597 in conjunction with 

paraquat for 72 hours, normal locomotor activity was sustained and neurobehavioural symptoms 

of paraquat toxicity were inhibited. The implication of these results is the neuroprotective effect 

of URB597 as an inhibitor of FAAH. The inhibition of FAAH leads to an increase endogenous 

levels of anandamide (Chesworth et al., 2018), which protects against neurotoxic damage via down 

regulation of reactive oxygen species (ROS) (Zeissler et al., 2012), inhibition of dopaminergic 

neuronal cell death in the SNc, and the improvement of motor alterations in SNc lesioned mice 

(Basavarajappa et al., 2017).  

 I hypothesize that URB597 caused an increase in the endogenous levels of anandamide in 

planaria by the inhibition of FAAH, protecting against paraquat-induced toxicity. However, this 

cannot be said for certain because I did not directly measure the levels of anandamide, but the 

neuroprotective results align with the mechanisms of URB597 as an FAAH inhibitor. These results 

support previous research declaring that URB597 has neuroprotective properties (Zeissler et al., 

2012). The possible of effects of URB597 as a neuroprotective agent originate with the activation 

of endocannabinoid receptors, which have been found to increase levels of endocannabinoids (Li 

et al., 2012). An increase in endogenous endocannabinoids have been found to reduce 

dopaminergic cell death, increase dopamine levels, reduce  neuroinflammation, and improve motor 

deficits. The data demonstrates a clear improvement in motor deficits seen in planaria exposed to 

URB597, which can be explained by a possible manipulation of the ECS. In relation to this, 
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patients and animal models of PD demonstrate an imbalance of ECS functioning and recent studies 

have shown that manipulation of the system can improve the condition of animals suffering from 

neurodegeneration (Paes-Colli et al., 2022). The importance of this data is that paraquat can be 

used as a model of neurodegeneration through the measurement of decreased locomotor activity, 

which was shown to be effectively increased through the use of URB597, a modulator of the ECS. 

 The additional goal of my study was to determine if a specially patterned CB1R EMF 

would have an effect on reduced locomotor behaviours seen in planaria exposed to paraquat. The 

data showed that three 30-minute exposures to the CB1R field once a day for three days had a 

significant positive effect on pLMV in planaria exposed to paraquat. My findings align with the 

theory that exposure to EMFs has an effect on biological systems (Baker-Price & Persinger, 1996; 

Buckner et al., 2018; Michael A Persinger, 2013)  and that those systems can be specially patterned 

after the enzymatic activity of a receptor (Simkó, 2004). The success of the CB1R EMF as a 

neuroprotective agent aligns with the ideology that CB1R activation modulates the activity of other 

neurotransmitter levels (Di Marzo & De Petrocellis, 2012; Zou & Kumar, 2018). Planaria rely on 

dopamine levels for their locomotor behaviours and although dopaminergic (DA) neurons do not 

house CB1 receptors, they are regulated by CB1 activity. I hypothesize that through exposure to 

the CB1R EMF, there was an activation of CB1 receptors in the planaria. Moreover, the protective 

effects can be explained through the activation of CB1 receptors on synaptic terminals of 

GABAergic neurons; this leads to the inhibition of GABA receptors on DAergic neurons, 

activating DAergic activity (Covey et al., 2017). The resultant increase in DAergic activity could 

be the reason that planarian locomotor behaviours were preserved against paraquat-induced 

damage. These results also support the notion that manipulation of the ECS is a potential 

therapeutic target for the treatment of neurodegenerative disorders.  
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 In conclusion, paraquat produced neurotoxic effects in planaria through a significant 

decrease in locomotor activity. As treatments, URB597 and the CB1R EMF were both effective 

in increasing pLMV in response to paraquat-induced toxicity. These results propose that the 

inhibition of FAAH has protective effects against damage produced by paraquat. Additionally, the 

use of low-frequency EMF patterned after CB1R activity had a significant positive impact on 

decreased pLMV elicited by paraquat. These effects suggest that the use of EMF does have an 

impact on biological systems, and the specially patterned CB1R EMF has protective effects against 

neurotoxic damage. Overall, manipulation of the endocannabinoid system (ECS) using URB597 

and the CB1R EMF were both effective as neuroprotective agents.  
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   This thesis reveals the importance of understanding the neurotoxic effects of 

paraquat and its relevance to neurite production and motility in planaria. The results of both 

experiments demonstrated that paraquat has neurodegenerative effects, in-vitro using PC12 

cells and in-vivo using planaria. The PC12 cell response to paraquat exposure was increased 

cell death and decreased levels of differentiation. In planaria, the response to paraquat was a 

decrease in locomotor behaviours. Both of these effects can be attributed to an alteration in 

the dopaminergic system caused by paraquat exposure (Zhou et al., 2011) . These results align 

with previous research in which paraquat was used as a neurotoxin and elicitor of PD-like 

damage via dopaminergic cell death (L. Zhang et al., 2022). The pattern of effects across all 

experiments is consistent, determining that paraquat is indeed neurotoxic to cells and living 

creatures, providing cautionary data to its worldwide use as a pesticide. When used in the 

environment, this pesticide can leach into water sources and damage aquatic organisms, 

acting as an environmental pollutant (Badroo et al., 2020). Based on previous data and the 

results of my experiments, paraquat is undoubtedly toxic to living organisms. 

   Paraquat neurotoxicity may have a detrimental effect on humans, based on research 

that describes paraquat exposure as an increased environmental risk for the development of 

PD ( Cristóvão et al., 2020). Potential mechanisms for this neurodegenerative damage include 

reactive oxygen species (ROS) production and mitochondrial damage to dopaminergic cells 

(Peng et al., 2004), which also occurs in PD (Blandini et al., 2000). This information is 

beneficial as it allows for research both in-vivo and in-vitro involving neurodegenerative cell 

damage and provides a means for finding potential therapeutics. For example, it was 

established that paraquat-induced apoptotic cell death was protected by antioxidant defense 

enzymes (X. Li & Sun, 1999). The ideology that antioxidants protect against neurotoxicity is 
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one of the reasons that manipulation of the endocannabinoid system (ECS) was chosen for 

target therapeutics against paraquat-induced toxicity in this thesis.  

  The ECS plays an important role in the regulation of homeostasis in the human 

brain (Zou & Kumar, 2018). It acts mainly through the modulation of neurotransmission and 

synaptic plasticity, including the control of dopaminergic activity, the fundamental 

neurotransmitter involved in PD neurodegeneration (Medeiros et al., 2020). One of the ways 

in which the ECS may provide neuroprotection is through the activation of antioxidative 

enzymes and the modulation of ROS production, controlling redox homeostasis (Lipina & 

Hundal, 2016). An explanation for these effects is anandamide accumulation and the 

activation of the cannabinoid receptor type 1 (CB1R). The inhibition of fatty acid amide 

hydrolase (FAAH) blocks the metabolism of anandamide and subsequently increases its 

activity, therefore the FAAH inhibitor URB597 was chosen an ECS modulator for use in this 

thesis.  

  One of the objectives of this thesis was to investigate the possible neuroprotective 

effects of URB597 as a therapeutic for paraquat-induced toxicity. In both PC12 cells and 

planaria, URB597 demonstrated a neuroprotective effect against paraquat-induced toxicity. 

In PC12 cells, URB597 did not produce an effect in terms of cell survival when exposed to 

paraquat. However, after six day of exposure, URB597 produced a higher level of 

differentiation when exposed to paraquat in comparison to the effects of paraquat alone. This 

suggests that the chosen concentration of URB597 was not enough to save the cells from 

dying, but it provided some measurable level of protection through the preservation of neurite 

outgrowth. The results suggest that using URB597 for subsequent activation of CB1R has an 

effect against neurodegenerative damage from ROS in PC12 cells.  
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  Similarly, URB597 protected against paraquat-induced damage to locomotor 

behaviours in planaria. Normal locomotor behaviour for planaria is constant forwards motion, 

with subsequent turns and few stops. When exposed to paraquat for 72 hours, planarian 

locomotor velocity (pLMV) was severely reduced. However, planaria who were exposed to 

URB597 in addition to paraquat showed a significant increase in pLMV. Not only did 

treatment with URB597 increase locomotion in response to paraquat-induced toxicity, it 

brought the pLMV back up to normal control levels. These results demonstrate that 

modulation of the ECS using URB597 had a neuroprotective effect in planaria. The 

mechanisms in which this was able to occur could be explained by accumulation of 

anandamide and subsequent activation of CB1R, which occurs when blocking FAAH activity 

(Ahn et al., 2011). 

  Planaria rely heavily on dopaminergic transmission to drive their locomotor 

behaviours (Inoue et al., 2015; Nishimura et al., 2007; Raffa & Martley, 2005), which was 

decreased when exposed to paraquat. URB597 is used to increase endogenous levels of 

anandamide. When anandamide binds to a CB1 receptor, it is responsible for the modulation 

of neurotransmitter levels through the CNS and is hypothesized to suppress GABA, an 

inhibitory neurotransmitter (Di Marzo & De Petrocellis, 2012; Zou & Kumar, 2018). 

Although (DA) neurons do not house CB1 receptors, they are regulated by CB1 activity 

through presynaptic inputs to DA neurons. Through the activation of CB1 receptors on 

synaptic terminals of GABAergic neurons, inhibition of GABA receptors on DAergic 

neurons can facilitate DAergic activity (Covey et al., 2017). This explains the effects of 

URB597 as a neuroprotectant against the paraquat-induced decrease in locomotor behaviours. 

These results demonstrate that manipulation of the ECS using URB597 shows promise in 



 

78 

 

treating neurodegenerative damage elicited by paraquat. 

  In addition to the use of URB597 as a modulator of the ECS, an additional method 

was implemented in this thesis: the use of electromagnetic fields (EMFs). Extremely low 

frequency electromagnetic fields (ELF-EMF) can alter molecular and cellular processes, 

affecting the behaviour of animals (Jankowska et al., 2015). EMFs induce changes in 

membrane potential, intercellular levels of calcium, and enzymatic activity modification 

through the mimicking of receptor binding (Simkó, 2004). In this thesis, a specially patterned 

EMF was constructed using the enzymatic activity of the CB1 receptor, using information 

from each amino acid to mimic the energy it emits. By exposing planaria to the CB1R EMF, 

I aimed to determine its effects on planarian locomotor activity when exposed to the 

neurotoxin paraquat.  

  When planaria were exposed to the CB1R EMF for 30 minutes a day for three days, 

it greatly improved pLMV in comparison to the use of a control field and no field at all. These 

results demonstrate that EMF exposure has an impact on biological systems and that 

manipulation of the ECS can provide protection against paraquat-induced toxicity. As a non-

invasive therapeutic, the use of EMFs could transform medicine entirely. Although the long 

term success of this method of therapy is unknown, research using EMF therapy for pain, 

cancer, epilepsy, and inflammatory diseases is attracting attention (S. Kumar et al., 2016).  

  The motivation for pursuing this research was prompted by the fact that 

neurodegenerative diseases are incurable and have no preventative measures. PD is the most 

common movement disorder and has very few treatment options. With millions of people 

suffering from neurodegenerative diseases, further research on potential therapeutics is 

needed. I found that (1) paraquat produced neurotoxic damage in PC12 cells and planaria, (2) 
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URB597 provided neuroprotective effects against paraquat-induced decreases to 

differentiation and planarian locomotor behaviours, and (3) an EMF patterned after CB1R 

activation provided neuroprotective effects against a paraquat-induced decrease in planarian 

locomotor behaviours. The pattern of effects was consistent across all experiments. Together, 

these results provide evidence that manipulation of the ECS could be a beneficial target 

involving neuroprotection against neurodegenerative diseases. These results align with my 

initial hypothesis, stating that manipulation of the ECS through FAAH inhibition and EMF 

exposure would have a significant impact on neurotoxic damage.  

  Future work might include the use of additional neurotoxic compounds to study the 

effects of neurodegeneration in-vitro and in-vivo with the aim to target neurobiological 

mechanisms of neurodegeneration in PD, such as 6-hydroxydopamine (6-OHDA), 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and rotenone (Bové et al., 2005). Additionally, 

this might include expanding the use of endocannabinoid agonists and enzymes that inhibit 

endocannabinoid degradation in response to neurodegeneration. Measurement of 

neurotransmitter and enzyme levels could also be used to confirm mechanistic changes 

through the use of ECS-altering compounds.  

  As a general conclusion, paraquat was effective as a neurodegenerative model both 

in-vivo using PC12 cells and in-vitro using planaria. The FAAH inhibitor URB597 was an 

effective neuroprotective agent in both PC12 cells through the preservation of neurite 

outgrowth and planaria through the preservation of locomotor behaviours. In addition, the 

CB1R EMF was effective in increasing locomotor behaviour in response to paraquat 

exposure. These results align with my initial hypothesis that manipulation of the ECS through 

FAAH inhibition and EMF exposure would have a significant impact on neurotoxic damage. 
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Appendix A: Number of PC12 cell plates per condition per trial. 

 

Table 1: Number of cell plates by condition per trial: URB597 concentration curve for 

percent (%) differentiation. 

 

 

 

 

Trial Control # of cell 

plates 

1µM URB # of cell 

plates 

10µM # of cell 

plates 

100µM # of cell 

plates 

Trial #1 2 3 2 3 

Trial #2 3 2 2 2 

Trial #3 3 2 2 2 

Trial #4 3 2 2 3 

Trial #5 3 3 3 3 

Total n= 14 12 11 13 
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Table 2: Number of cell plates by condition per trial: paraquat concentration curve for 

percent (%) differentiation. 

 

 

 

 

 

 

Trial Control # of 

cell plates 

100µM 

paraquat # of 

cell plates 

300µM 

paraquat # of 

cell plates 

500µM 

paraquat # of 

cell plates 

700µM 

paraquat # of 

cell plates 

Trial #1 2 2 2 2 2 

Trial #2 3 2 2 2 2 

Trial #3 3 2 2 2 3 

Trial #4 3 2 2 2 3 

Trial #5 3 2 2 3 3 

Total n= 14 10 10 11 13 
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Table 3: Number of cell plates by condition per trial: URB597 concentration curve for cell 

viability. 

 

 

 

 

Trial Control # of cell 

plates 

1µM URB # of 

cell plates 

10µM # of cell 

plates 

100µM # of cell 

plates 

Trial #1 2 1 1 2 

Trial #2 2 1 1 2 

Trial #3 2 2 1 2 

Trial #4 2 2 2 2 

Total n= 8              6 5 8 
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Table 4: Number of cell plates by condition per trial: paraquat concentration curve for cell 

viability. 

 

Trial Control # of 

cell plates 

100µM 

paraquat # of 

cell plates 

300µM 

paraquat # of 

cell plates 

500µM 

paraquat # of 

cell plates 

700µM 

paraquat # of 

cell plates 

Trial #1 2 1 1 1 1 

Trial #2 2 1 1 1 1 

Trial #3 2 1 1 1 2 

Trial #4 2 1 1 2 2 

Total n= 8 4 4 5 6 
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Table 5: Number of cell plates by condition per trial: cell viability URB597 mixed with 

paraquat. 

 

Trial Control # of cell 

plates 

100µM URB # 

of cell plates 

500µM PQ URB 

# of cell plates 

100µM URB + 

500 µM  # of cell 

plates 

Trial #1 1 1 1 1 

Trial #2 1 1 1 1 

Trial #3 2 2 2 2 

Trial #4 2 2 2 2 

Total n= 7 7 7 7 
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Table 5: Number of cell plates by condition per trial: percent (%) cell differentiation 

URB597 mixed with paraquat. 

 

 

 

Trial Control # of cell 

plates 

100µM URB # 

of cell plates 

500µM 

paraquat # of 

cell plates 

100µM URB + 

500µM 

paraquat # of 

cell plates 

Trial #1 2 2 2 3 

Trial #2 2 2 2 2 

Trial #3 2 2 2 2 

Trial #4 2 2 2 2 

Trial #5 2 2 2 2 

Total n= 10 10 10 11 
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Appendix B: Number of planaria per condition per trial. 

Table 6: Number of planaria per condition in paraquat 24 hour exposure. 

Trial Control # of 

planaria 

250µM paraquat # 

of cell plates 

500µM paraquat # 

of cell plates 

Trial #1 4 4 4 

Trial #2 4 4 3 

Trial #3 4 4 3 

Trial #4 3 4 3 

Total n= 15 16 13 
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Table 6: Number of planaria per condition by 24, 48, and 72 hour exposure intervals. 

Trial 24Hr 

Control # 

of planaria 

24Hr PQ # 

of planaria 

48Hr 

Control # 

of planaria 

48Hr PQ # 

of planaria 

72Hr 

Control # 

of planaria 

72Hr PQ # 

of planaria 

Trial #1 5 5 4 4 3 3 

Trial #2 5 5 4 4 3 3 

Trial #3 5 5 3 4 3 3 

Trial #4 4 5 3 4 2 3 

Total n= 19 20 14 16 11 12 
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Table 7: Number of planaria per condition per trial. 72 hour exposure to URB597 mixed 

with paraquat. 

Trial Control # of cell 

plates 

100µM URB # 

of cell plates 

500µM PQ # of 

cell plates 

100µM URB + 

500µM PQ # of 

cell plates 

Trial #1 3 3 3 3 

Trial #2 3 3 3 3 

Trial #3 3 3 3 3 

Trial #4 2 3 3 3 

Total n= 11 12 12 12 
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Table 8: Number of planaria by condition per trial. EMF exposure to Sham (control), SIN 

EMF, and CB1R EMF. 

Trial Control # 

of planaria 

500µM PQ 

# of 

planaria 

Control # 

of planaria 

500µM PQ 

# of 

planaria 

Control # 

of planaria 

500µM PQ 

# of 

planaria 

Field Control (No Field) SIN EMF CB1R EMF 

Trial #1 7 7 4 4 7 6 

Trial #2 7 7 4 5 7 5 

Trial #3 8 8 5 5 5 3 

Trial #4 8 8   5 5 

Trial #5 6 6     

Trial #6 7 6     

Total n= 43 42 13 14 24 19 

 


