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ABSTRACT  

 

INVESTIGATION OF NEURODEGENERATIVE TAUOPATHIES USING 

CAENORHABDITIS ELEGANS 

 

By 

 

Derek Vonarx 

 

Neurodegenerative tauopathies are a class of neurodegenerative disease characterized by 

the accumulation of tau protein into neurofibrillary tangles in the human brain. Alzheimer’s 

disease (AD) is one such tauopathy. Until recently, the amyloid β hypothesis, suggesting that 

accumulation of amyloid β, was the leading hypothesis explaining cognitive decline in 

Alzheimer’s disease patients. However, treatments that reduce amyloid β levels in the brain, such 

as aducanumab, have shown limited efficacy, and therefore, the role of tauopathy and the 

potential synergistic relationship of tau and amyloid β requires further study to understand the 

mechanism of cognitive decline in AD. One of the many difficulties of studying AD is that 

cognitive symptoms are not observed until late in life. Because of the late onset of symptoms, 

modelling AD in mammals is expensive and time consuming. To circumvent these issues, a 

nematode, C. elegans, model was developed because C. elegans have a short lifespan of three 

weeks, can be genetically modified to express human tau, and are inexpensive to maintain. A 

genetically modified C. elegans strain (eat-4::GFP; aex-3::tau) expressing both human tau in all 

neurons and green fluorescent protein in glutamatergic neurons was developed. It was found that 

the novel strain exhibits neurodegeneration that can be rescued by supplementation with the 

epoxide hydrolase inhibitor, 12-[[(tricyclo[3.3.1.13,7]dec-1-ylamino)carbonyl]amino]-

dodecanoic acid (AUDA), through an unknown mechanism. This novel strain serves as a useful 

model to study the mechanism of Alzheimer’s disease cognitive decline as C. elegans have a 

relatively short lifespan that allows for extensive therapeutic and genetic screening.  
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CHAPTER ONE: 

INTRODUCTION TO ALZHEIMER’S DISEASE AND TAUOPATHY  

1. INTRODUCTION 

1.1. Alzheimer’s Disease (AD) 

1.1.1. Background and relevance  

Alzheimer’s disease (AD) is the most common type of dementia, accounting for 60-80 % 

of all dementia cases, and its prevalence has increased in recent years1.  The increase in cases can 

be attributed to the aging population in the US and around the world because of significant 

medical advances, leading to an increase in the global lifespan. The global life expectancy is 

expected to increase, especially in developed countries. However, the aging population is 

becoming more susceptible to diseases like AD because these types of diseases selectively affect 

the elderly population. Therefore, the number of people suffering from AD is likely to increase. 

AD can be defined as a slowly progressive neurodegenerative disease that affects memory where 

patients lose the ability to meaningfully interact with their environment. Early symptoms include 

difficulty or inability to remember recent events, as well as apathy and depression. As the disease 

progresses, the patient’s health further deteriorates leading to more debilitating symptoms like 

disorientation, confusion, behavioral changes, difficulty swallowing, impaired judgement, and 

difficulty walking1,2. The progression ultimately leads to a requirement of constant caregiving 

and can lead to disease complications such as blood clots and infections causing death. 

Additionally, recent statistical analyses suggest that routine mortality statistics of AD and related 

dementia may underestimate the mortality by a factor of 2.73. Underestimation of mortality 

suggests that the disease may be more prevalent than it appears. A diagnosis of AD is crippling 

to the patient and family members as current treatments options are unable to provide a cure.  
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AD is not only debilitating and deadly, but also extremely costly. On average, the annual 

direct cost of care for a patient suffering from AD is $27,1264. In the United States, the total 

annual cost for direct AD care was approximately $200 billion1,4. The projected cost of care for 

AD will increase to $1.1 trillion by 20501.  To keep costs down, it is extremely common for 

family members or close friends to attempt to serve as caregivers for individuals suffering from 

AD. Due to the demands required of the caregivers, nearly two-third report high levels of stress, 

and one-third report symptoms of depression1. The emotional turmoil of the caregivers increases 

the cost of healthcare for the caregivers and generally interferes with their quality of life. In 

addition, the stress and depression of caregivers provides another obstacle for the AD patients to 

receive the care they require. AD is a devasting and deadly disease that requires further research 

to understand the underlying mechanism(s), which may lead to development of more effective 

therapies.  

1.1.2. Tau and amyloid β as biomarkers and possible roles in AD neurodegeneration 

The pathology of AD can be described macroscopically and microscopically. 

Macroscopically, widespread atrophy of the brain and amyloid buildup in arterial walls of the 

brain, termed cerebral amyloid angiopathy (CAA), is observed5. Synaptic damage in the 

neocortex and limbic system, causing memory impairment, are usually observed during the early 

stages of AD. The mechanism behind these changes involves mitochondrial damage, oxidative 

stress, and disruption of physiological axonal transport5. Microscopically, there are two main 

molecular markers of AD, amyloid beta (Aβ) and tau. Aβ is a peptide generated by the 

amyloidogenic pathway. Amyloid precursor protein (APP) is a transmembrane protein that is 

cleaved by α- or β- secretases, which generates large, secreted fragments, sAPPα and sAPPβ, and 

Aβ6. Physiological Aβ may have neurotrophic properties6. Additionally, recent evidence suggests 



 

 
3 

that Aβ acts as an antioxidant to protect from metal-induced oxidative damage6.  However, in 

AD pathology, excess pathological concentrations of Aβ cause neurotoxicity and cell death6. The 

excess Aβ is deposited extracellularly in the form of senile plaques6,7.  

Tau is a microtubule-associated protein encoded in humans by the microtubule-associated 

protein (MAPT) gene. Under physiological conditions, tau is localized primarily in the axons as 

a soluble and natively unfolded protein. Tau primarily functions to polymerize tubulins and 

stabilize microtubules8,9. However, in AD pathology, tau is post-translationally modified, which 

causes tau to lose the ability to bind microtubules.  Unable to interact with its physiological 

partner, tau aggregates together to form neurofibrillary tangles (NFTs).  It is hypothesized that 

NFTs lead to disruption in axonal transport, preventing key communication with organelles such 

as mitochondria, which are essential for healthy synaptic function10, 11.  

Aβ and eventually Aβ plaques primarily accumulate extracellularly at or near the 

synapse. Tau aggregation, in the form of NFTs, primarily occurs intracellularly. Physiological 

neurons and some key features are illustrated in Figure 1, and location of pathological 

biomarkers of AD, Aβ and tau, are illustrated in Figure 2. Accumulation of Aβ and tau at 

synaptic sites can contribute to the synaptic loss. Specifically, accumulation of Aβ and tau 

eventually lead to the loss of dendritic spines and axonal dystrophy, which causes neuronal cell 

loss10,11,12,17.  AD patients experience severe cognitive decline after severe neuronal cell loss.   

Another pathological marker of AD is neuroinflammation in affected brain regions, suggested to 

be caused by pathological recruitment of microglia and astrocytes. Neuroinflammation is a 

defense mechanism that initially protects the brain by removing diverse pathogens. Therefore, 

the inflammatory response has beneficial effects by promoting tissue repair and removing 

cellular debris. However, sustained inflammatory responses are detrimental and inhibit 
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regeneration. Persistent inflammatory responses involve excessive release of inflammatory 

mediators, such as cytokines, and can lead to neuronal cell death12.  

 

Figure 1: Depiction of a typical healthy neuron with the key features labeled. 

 

 

Figure 2: Depiction of tau and Aβ buildup in the neurons of AD patients5,6. 



 

 
5 

1.1.3. Current treatments and medical interventions for AD  

The US Food and Drug Administration (FDA) has approved at least five drugs that slow 

the progression of the AD by 6 to 12 months depending on the individual13. However, no 

treatments are currently available that delay the onset or cure an individual from the disease. 

Because the current treatment options are insufficient, there is a large research effort to identify 

drugs that can slow or even stop the disease progression. Most of the research has focused on Aβ 

as the primary drug target because the amyloid hypothesis suggests that Aβ accumulation leads 

to neurodegeneration. The most recent FDA approved drug is aducanumab, (Aduhelm), which 

has been shown to reduce total levels of Aβ in the brain14. Aducanumab is an anti-Aβ antibody 

that has demonstrated Aβ reduction in the brain observed and quantified by florbetapir positron 

emission tomography (PET) imagining in a dose- and time-dependent fashion. The PET images 

showed a mean PET standard uptake value ratio of Aβ reduced from 1.44 to 1.16 after 53 weeks 

of 10 mg/kg of aducanumab15. Therefore, the reduced uptake suggests less Aβ in the brain. 

However, it remains unclear how effective this treatment will be for slowing the progression of 

the disease and reducing symptoms15,16. Other treatment options are cholinesterase inhibitors, 

such as galantamine, rivastigmine, and donepezil, and N-methyl-D-aspartate (NMDA) 

antagonists, such as memantine, which have been used to reduce some cognitive and behavioral 

symptoms with moderate success13. Despite the moderate success observed, currently available 

cholinesterase inhibitors and NMDA antagonists do not stop the disease progression13. Due to 

the inconclusive efficacy of treating Aβ only, much of the current research has shifted focus on 

the microtubule associated protein tau, and its possible interactions with Aβ in AD pathology.  
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1.2. Tauopathy  

1.2.1. The role of microtubule-associated protein tau in neurological disorders 

Tau is a microtubule-associated protein encoded in humans by the microtubule-associated 

protein (MAPT) gene. The major tau protein in the human brain is encoded by 11 exons.  In the 

adult human brain, tau exists in six isoforms composed of 352-441 residues. The different 

composition arises from alternative splicing of exon 2, exons 2 and 3, or exon 10. Tau isoforms 

are classified by the number of microtubule binding regions located in the C-terminus. In 

humans, there are two categories namely, three-repeat (3R) tau and four-repeat (4R) tau18. 

Additionally, tau is classified by the number of inserts at the N-terminal namely, exons 2 and 3. 

There are three such conditions: zero, one, or two inserts of 29 amino acids. Therefore, the 

largest tau protein is 4R2N, which implies four microtubule binding repeats and 2 inserts of 29 

amino acids at the N-terminus. A general depiction of the classification of tau in the primary 

protein structure is shown in Figure 3. Under physiological conditions, tau is localized primarily 

in the axons as a soluble and natively unfolded protein. The primary physiological function of 

tau is to polymerize tubulins and stabilize microtubules8,9. However, in AD pathology, tau 

undergoes posttranslational modifications, which causes tau to lose the ability to bind 

microtubules. Tau that has undergone posttranslational modifications is unable to interact with 

its normal physiological partners, and the aberrant tau proteins aggregate together to from 

neurofibrillary tangles (NFTs), which contribute to AD progression. 
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Figure 3: Depiction of tau classification in primary protein structure18. 

1.2.2. The relevance of phosphorylated tau in AD 

 Tau is regulated post-translationally by a variety of mechanisms. Post-translational 

phosphorylation likely plays an important role in AD pathology, and therefore, it will be the 

primary post-translational modification discussed herein. Under physiological conditions, tau can 

bind outside of microtubules influencing the structure and function of the microtubules. The N-

terminal region of tau can associate with the plasma membrane of neuronal cells in a membrane-

associated complex. In this complex, tau plays an important role in regulating the spacing 

between microtubules. Tau’s ability to bind microtubules depends on the microtubule binding 

domain (MBD) on adjacent regions18. The repeat binding sequences may directly bind 

microtubules18. Phosphorylation of specific amino acids in the microtubule binding domain 

renders the protein unable to bind microtubules and regulates microtubule structure and function. 

Tau is phosphorylated by a variety of kinases in both physiological and pathological conditions. 

The longest tau isoform contains a total of 79 potential serine and threonine phosphorylation 

sites. Approximately 30 of these sites have evidence of phosphorylation in physiological tau22.  

The phosphorylation events lead to dissociation of tau from the microtubules and causes 

aggregation of tau in neuronal cell bodies and neurites, ultimately forming NFTs18,19,20,21.  
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 Phosphorylation of tau is mediated by several different kinases including 

serine/thereonine kinases like protein kinase N (PKN). Activation of PKN causes tau 

phosphorylation and disrupts the organization of microtubules18,22,23. The amount of 

phosphorylation is regulated throughout human development. Specifically, fetal tau in the 

embryonic central nervous system (CNS) is more highly phosphorylated than tau found in the 

adult CNS23. Hyperphosphorylation of fetal tau may be necessary to regulate microtubule 

structure and function during development23. Phosphorylation decreases with age because of an 

observed increased phosphatase activity. Phosphatases are responsible for removing a phosphate 

group from a phosphorylated protein. Specifically, two phosphatases, PP2A and PP2B, are 

present in higher concentrations in adult brain tissues compared to embryonic CNS tissues22,24. 

The increased phosphatase concentration in adult brain tissues contributes to the observed 

difference in phosphorylated tau levels between the embryonic and healthy adult CNS. However, 

in AD pathology, the observed phosphatase activity is decreased, likely leading to an increase in 

phosphorylated tau forming aggregated tau18,22. Phosphorylated tau levels are regulated by both 

kinase and phosphatase activity, both enzyme classes are likely dysregulated in AD, which 

contributes to the buildup of phosphorylated tau18. 

 Tauopathy in AD is thought to function primarily through the effects that neurofibrillary 

tangles have on neuron health. Neurofibrillary tangles are abnormal filaments of 

hyperphosphorylated tau protein that in some stages can be twisted around each other to form 

paired helical filaments (PHFs)1,25. The PHFs primarily accumulate in the neuron cell body, 

which cause a loss of cytoskeletal microtubules and tubulin-associated proteins. The 

hyperphosphorylated tau protein is the major constituent of NFTs in AD patient’s brain. The 

morphological changes of tau can be characterized into three stages during AD progression: (1) 
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the pre-tangle phase, where phosphorylated tau proteins are accumulated in the dendritic 

compartment of the neuron without formation of PHFs, (2) the mature NFTs, where there is 

filament aggregation of the tau protein with displacement of the nucleus to the periphery of the 

soma, and (3) the extracellular tangles, where neuronal loss is observed most likely due to large 

amounts of filamentous tau1,25. Additionally, recent literature suggests that NFT accumulation 

has associated negative effects on neurotransmitter systems such as the glutamatergic system that 

impairs synaptic plasticity and long-term potentiation 20,25,26.  The role of tau in AD pathology 

remains poorly understood, but understanding the role of tau and its phosphorylated state in AD 

is critical to the development of more effective treatments.  

 Tau microtubule binding may regulate axonal transport, which is the process of motor 

proteins actively navigating microtubules that carry diverse cargo from one end of the axon to 

another. Tau interferes with the binding of motor proteins to microtubules, and there is a gradient 

of tau along the axon with the highest concentration closest to the synapse18,22. Therefore, tau 

may facilitate the detachment of motor proteins near presynaptic terminals, which increases 

axonal transport efficiency. Because phosphorylation regulates tau binding of microtubules, the 

mechanism of cognitive decline, as it relates to tau hyperphosphorylation, may be disruption of 

axonal transport, which leads to neuronal cellular dysfunction.  

 To investigate the role of tauopathy in AD, several in vivo and in vitro models have been 

developed. One model generated includes tau-deficient mice with no functional tau producing 

alleles28. To assess the effects of the tau deficiency, tau-deficient mice were crossed with 

hAPPJ9 mice, which is a human amyloid precursor protein (hAPP) transgenic mouse. The hAPP 

model is an established AD model with distinct loss of cognition phenotypes observed in Morris 

water maze28,29. Researchers found that the tau-deficient hAPP crossed mice showed significant 
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recovery of latency time, as measured by the duration to escape, and path length, as measured by 

the distance covered to escape. Therefore, total reduction of tau seems to reduce some of the 

cognitive deficits in the mice observed in the Morris water maze results28. However, the 

mechanism causing the improved cognitive function is not well understood, but the detrimental 

effects of hyperphosphorylated tau are more severe than insufficient tau levels, which seems to 

explain the observed improvement of cognitive function in the tau-deficient hAPP mice. Another 

model includes a transgenic approach used to express human tau in fruit flies, Drosophila 

melanogaster30. The lifespan of the transgenic flies was significantly reduced when compared to 

wildtype control30. However, the mechanism of the decreased lifespan was unclear. Follow up 

studies investigated the role of tau phosphorylation on the decreased lifespan. Specifically, 

phosphorylation at the serine-proline (SP) and threonine-proline (TP) sites were investigated in a 

follow up study using D. melanogaster. To investigate the role of SP and TP phosphorylation in 

the AD phenotypes associated with the transgenic model, SP and TP sites were specifically 

mutated to alanine using site-directed mutagensis31. Blocking all 14 SP/TP sites of human tau in 

D. melanogaster markedly inhibited tau-induced neurodegeneration observed by a significant 

decrease in the “rough eye” phenotype, which is the buildup of tau in the retina of the flies31. 

Additionally, blocking phosphorylation at specific, but not all, SP and TP sites did not 

significantly reduce the “rough eye” phenotype31. Therefore, it is unlikely that one or a select 

few phosphorylation sites are responsible for pathological accumulation of phosphorylated tau. 

Additionally, replacing all SP/TP sites with glutamate, a phosphomimetic, generated a more 

severe “rough eye” phenotype compared to human wildtype tau31. Therefore, the Drosophila AD 

model established the importance of tau phosphorylation in the observed AD phenotypes. The 

regulation of tau through phosphorylation seems to be a critical component of AD pathology.   
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1.3. Potential neuronal cell death mechanisms in AD  

1.3.1. Ferroptosis  

 Cell death is a common phenomenon in many neurological disorders including 

Alzheimer’s Disease32. However, the mechanism of triggering neuronal cell death in AD remains 

elusive. One possible mechanism responsible for neuronal cell death in AD is ferroptosis32. 

Ferroptosis is an iron-dependent, lipid peroxidation-driven, non-apoptotic programmed cell 

death33. The hallmarks of AD pathology are consistent with characteristics of ferroptosis namely, 

excess iron accumulation, elevated lipid peroxides, elevated reactive oxygen species (ROS), 

reduced glutathione, and reduced glutathione peroxidase 4 (GPX4) levels33,35. This evidence 

suggests that ferroptosis may be responsible for neuronal cell death in AD. Additionally, specific 

ferroptosis inhibitors, such as liproxstatin (LIP-1), can relieve some of the cognitive decline in 

AD mammalian animal models34. Therefore, the field is now focusing on ferroptosis as the 

primary cell death mechanism in AD pathology. However, direct evidence suggesting a link 

between AD neuronal cell death and ferroptosis remain understudied. 

 In the CNS, iron is an essential element for ferroptosis and is involved in many biological 

processes, such as oxygen transportation, myelin production, and neurotransmitter synthesis32, 35. 

The two primary biomarkers of AD pathology are the presence of Aβ plaques and NFT. Iron has 

been shown to be selectively accumulated in Αβ plaques and NFTs36. Iron accumulation has 

been linked to an acceleration of cognitive decline in AD patients37. Additionally, age-related 

iron accumulation contributes to tissue damage and pathological AD symptoms38. Therefore, 

iron accumulation seems to be a common pathological feature, which supports ferroptosis as a 

possible cell death mechanism in AD.   
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1.3.2. Excitotoxicity  

 Another potential cell death mechanism in AD is excitotoxicity. In excitotoxicity, nerve 

cells suffer damage or death when the levels of excitatory neurotransmitters exceed physiological 

concentrations, which results in the excessive stimulation of neurotransmitter receptors39. Excess 

neurotransmitter receptor stimulation can lead to an influx of  metal ions, such as Ca2+, into the 

cell40. The additional metal ions activate several enzymes including phospholipases, 

endonucleases, and proteases, which damage cellular structures. The damage to cellular 

structures ultimately leads to cell death40.  

Glutamate is one of the major excitatory neurotransmitters in the mammalian central 

nervous system41. Glutamate excitotoxicity is triggered by overactivation of glutamate receptors, 

which leads to an influx of Na+ and Ca2+ through the plasma membrane40. The influx of ions 

disrupts cellular structure leading to cell death. Therefore, tight regulation of glutamate and 

glutamate receptors is necessary for physiological function.  

Glutamate excitotoxicity may contribute to neuronal cell death mechanisms in AD 

pathology43,44. Specifically, overactivation of a ligand-gated ionotropic glutamate receptor, N-

methyl-D-aspartate (NMDA) receptor, leads to the glutamate excitotoxicity43,44. Overactivation 

of the NMDA receptor leads to Ca2+ influx into the cell, which causes cell death. Overactivation 

of the NMDA receptor is caused by two main factors namely, glutamate availability and 

modulation of NMDA receptor function. In AD patients, decreased vesicular glutamate 

transporter (VGluT) were reported45. VGluTs are responsible for transporting glutamate to 

presynaptic vesicles. Additionally, Aβ peptides in neuronal cell culture impair glutamate 

reuptake mechanisms, which increases extracellular glutamate46. In addition, AD patients have 

increased concentrations of glutamate in the cerebrospinal fluid (CSF)47, which supports the 
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suggested increased glutamate availability. Lastly, Aβ peptides cause elevated NMDA receptor-

mediated synaptic currents, which suggests an increase in activation of the NMDA receptor48. 

Therefore, AD pathology seems to increase overall glutamate supply and function of the NMDA 

receptor, which contributes to neurodegeneration.  

1.3.3. Possible links between ferroptosis and excitotoxicity   

 Glutamate and glutamine are important regulators of ferroptosis49,50. High extracellular 

concentrations of glutamate can induce ferroptosis50, which may contribute to the observed cell 

death in AD. In other words, both glutamate excitotoxicity and ferroptosis may contribute to the 

cell death observed in AD through excess glutamate. Additionally, tau function and lack thereof 

has been linked to both ferroptosis and excitotoxicity. Functional failure of tau contributes to 

iron-mediated neurotoxicity in ischemia animal models52. In AD, tau becomes non-functional 

after hyperphosphorylation. Therefore, non-functional tau may contribute to ferroptosis-induced 

neurotoxicity in AD as it does in ischemia. Furthermore, tau has been linked to excitotoxicity in 

mouse models. Tau reduction decreased the frequency and duration of electroencephalogram 

(EEG) seizure activity and hyperexcitability of pyramidal neurons, and increased survival in an 

excitotoxicity mouse model53. Therefore, it is possible that tau is involved directly or indirectly 

in the mechanism of excitotoxicity. Another link between the two mechanisms of cell death is 

polyunsaturated fatty acids and their metabolites. During ferroptosis, PUFAs are peroxidized to 

lipid peroxides, which have been used to characterize ferroptosis51. Therefore, PUFA lipid 

peroxides are intimately linked to the ferroptosis cell death mechanism. Additionally, it has been 

shown in mammalian animal models that supplementation with ω-3 PUFAs may inhibit NMDA 

receptor activity54. Therefore, glutamate excitotoxicity may be mitigated by manipulation of 

PUFA and PUFA metabolite concentrations. Ferroptosis and glutamate excitotoxicity are 
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responsible for some of the observed neuronal cell death in AD, and the cell death may be 

attenuated by manipulation of PUFA concentration.  

1.4. Lipid effects on neurodegeneration 

1.4.1. Introduction to fatty acids 

The current literature suggests that polyunsaturated fatty acid (PUFA) metabolism plays 

an important role in age-associated neurodegenerative (ND) diseases like AD55. PUFAs are long-

chain fatty acids comprised of at least two carbon-carbon double bonds that play important roles 

in several physiological processes55. PUFAs are characterized by the ω naming system, which 

refers to the position the double bound furthest from the carboxylic acid group appears from the 

methyl end of the PUFA. For example, ω-3 PUFAs contain the most terminal double bond, three 

carbons from the methyl end. The critical steps in PUFA biosynthesis are elongation and 

desaturation. Elongation is catalyzed by enzymes called elongases, and desaturation is catalyzed 

by desaturases. Some invertebrates can convert monounsaturated ω-9 oleic acid into various ω-3 

and ω-6 PUFAs55,56. Therefore, these organisms do not require dietary sources of ω-3 and ω-6 

PUFAs. Vertebrates also express many desaturase and elongase enzymes. However, they do not 

possess ω-3 desaturases, and therefore, cannot endogenously synthesize PUFAs from oleic acid, 

which implies mammals must get ω-3 PUFAs from dietary sources. Despite the lack of ω-3 

desaturases, vertebrates can convert linoleic acid (LA), an ω-6 PUFA, and α-linoleic acid (ALA), 

an ω-3 PUFA, into other ω-6 and ω-3 PUFAs, respectively55,57. Therefore, in mammals, dietary 

consumption of LA and ALA is sufficient as the body can convert these precursors to the 

remaining ω-6 and ω-3 PUFAs. The current consensus of biosynthesis of ω-6 and ω-3 PUFAs 

from LA and ALA is illustrated in Figure 4.  
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Figure 4: Biosynthesis of PUFAs in mammals55. AA: arachidonic acid, ADA: adrenic acid, 

ALA: α-linolenic Acid, Δ4: delta-4 desaturase, Δ5: delta-5 desaturase, Δ6: delta-6 desaturase, 

DGLA: dihomo-γ-linolenic acid, DPA3: docosapentaenoic acid (ω-3), DPA6: docosapentaenoic 

acid (ω-6), DHA: docosahexaenoic acid, ELOVL: elongase of very long chain fatty acids, EPA: 

eicosapentaenoic acid, ETA: eicosatrienoic acid, FADS 1: fatty acid desaturase 1, FADS2: fatty 

acid desaturase 2, GLA: γ-linolenic acid, LA: linoleic acid, PUFA: polyunsaturated fatty acid, 

THA: tetracosahexaenoic acid, TPA3: tetracosapentenoic acid (ω-3), TPA6: tetracosapentenoic 

acid (ω-6), TTA: tetracosatetraenoic acid, STA: stearidonic acid 

 

1.4.2. Role of ω-3 and ω-6 fatty acids in neurological disorders  

There are two major classes of PUFAs namely, omega-3 (ω-3) and omega-6 (ω-6). 

Mammals do not possess the biomolecular machinery to endogenously synthesize ω-3 PUFAs, 

as illustrated in Figure 455. Therefore, mammals must consume ω-3 PUFAs in their diet. It is 

likely that PUFAs play an important role in neural functions because they are found in 

abundance in neural tissues. Specifically, arachidonic acid (AA), an ω-6 PUFA, and 
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docosahexaenoic acid (DHA), an ω-3 PUFA, are the two most abundant PUFAs in the 

mammalian nervous system. These two PUFAs make up approximately 35% of the lipid content 

in brain tissue55. There is evidence suggesting that dietary PUFA intake is beneficial for 

neurodevelopment and limits the effects of neurodegeneration58. A dramatic decrease in brain 

PUFA content was observed in rodent models fed an ω-3 PUFA deficient diet. The decreased 

brain PUFA content was accompanied by a decrease in the number of dopaminergic neurons 

found in the substantia nigra55,59. Manipulation of the PUFA composition of cell membranes has 

been shown to alter the function of a variety of neurotransmitter receptors. Endogenous levels of 

PUFAs significantly affects the downstream PUFA metabolites in vivo55,60. Therefore, 

downstream metabolites may be involved in the mechanism of action of ω-3 and ω-6 PUFAs in 

neuronal function.  

1.4.3. Role of PUFA metabolism in neurological health 

PUFAs are primarily metabolized in three oxidative pathways: (1) lipoxygenase (LOX), (2) 

cyclooxygenase (COX), and (3) cytochrome P450 (CYP). The products of these reactions are 

different oxidized lipid mediators called oxylipins55. In general, ω-6 PUFA oxylipins tend to be 

proinflammatory, and ω-3 PUFA oxylipins tend to be anti-inflammatory or pro-resolving. DHA 

oxylipins seem to prevent age-associated memory decline and protect the brain from cellular 

injury55,60. The described role of DHA metabolites on neurological health suggests that oxylipins 

might play an important role in neuronal function, and therefore, studying oxylipin involvement 

in AD may provide another avenue to gain insight into the disease.  

Major products of CYP450 metabolism of PUFAs are epoxy PUFAs (ep-PUFAs) and 

hydroxy PUFAs. The final metabolic products depend entirely on the specific CYP450 enzyme 

and the type of PUFA substrate. There are many CYP isoforms with differing levels of regio- 
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and stereoselectivity. The epoxide functional group is a three-membered ring containing two 

carbons and one oxygen with unfavorable highly strained bond angles and a polarized carbon-

oxygen bond, which lends itself to nucleophilic attack. This reactivity causes a wide range of 

biological and pathological effects. Specifically, styrene epoxide derivates are susceptible to 

nucleophilic attack by exocyclic amine groups of nucleotides, which cause DNA adducts and 

mutations55,61. As ep-PUFAs share the structural feature of an epoxide, it is possible that similar 

effects can occur with ep-PUFAs. However, there is extensive evidence suggesting that certain 

ep-PUFAs act as secondary messengers in the initiation of different physiological pathways. 

Specifically, AA oxylipins have been shown to have neuroprotective properties62. CYP 

metabolism of AA is summarized in Figure 5.  The role of ep-AA suggests that ep-PUFAs may 

have several physiological effects, both beneficial and detrimental likely determined by the 

parent PUFA. Additionally, epoxide hydrolases (EHs) hydrolyze both endogenous and 

exogenous epoxides producing the 1,2-diol as shown in Figure 5. The beneficial effects of ep-

PUFAs appear to be limited when they are converted to their corresponding 1,2-diols by epoxide 

hydrolase62,63. Due to the neuroprotective properties of ep-PUFAs and subsequent metabolism to 

deliterous diol compounds by EH, it may be useful to investigate the involement of ep-PUFAs 

and EH in AD.  
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Figure 5: Arachidonic acid (AA) metabolism through typical CYP and EH activity55,65. AA: 

arachidonic acid, CYP: Cytochrome P450 DHET: dihydroxyeicosatetraenoic acid, EET: 

epoxyeicosatetraenoic acid, EH: epoxide hydrolase HETE: hydroxyeicosatetraenoic acid 

  

1.5. Epoxide hydrolase 

1.5.1. Introduction to epoxide hydrolase 

The major function of EH is to hydrolyze xenobiotic epoxides and ep-PUFAs. All EHs 

capable of metabolizing ep-PUFA to the corresponding diol contain an aspartate residue in the 

active site that appears to be necessary for successful hydrolysis. The catalytic activity of EH can 

be described in three enzymatic steps. First, the epoxide enters the L-shaped hydrophobic tunnel 

with the nucleophilic aspartate in the center. This enzyme-substrate complex is stabilized 

intermolecularly through hydrogen bonding between two tyrosine amino acids and the epoxide 

group of the substrate. Next, aspartate functions as an activated nucleophile and attacks the 

epoxide forming an ester intermediate. The third step is base activated hydrolysis of the ester 
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group forming the 1,2-diol and reforming the aspartate66. This described mechanism is likely 

conserved in all functional EHs.  

Microsomal epoxide hydrolase (mEH) was the first identified mammalian EH. It is 

encoded by the EPHX1 gene and contains 455 amino acids in its primary structure. This 

membrane-bound enzyme is found attached to the surface of the endoplasmic reticulum (ER) or 

the plasma membrane by its N-terminal anchor67. Another identified mammalian EH is soluble 

epoxide hydrolase (sEH). Humans sEH, encoded by EPHX2, is a 62 kDa homodimeric enzyme 

found in the cytosol and peroxisomes. The C-terminus is responsible for the epoxide hydrolase 

activity, and the N-terminus is responsible for the phosphatase activity. sEH enzymes are widely 

found in different tissues in the human body. Their expression as well as activity can be altered 

by sex, tissue, and age55,68. Another identified mammalian epoxide hydrolase is EH4. EH4 is a 

42 kDa protein encoded by the EPHX4 gene. EH4 is more highly expressed in the brain than 

other tissues62. Higher expression of EH4 in the brain compared to other tissues suggests that it 

may play a more active role in the brain. However, all EHs identified in humans are expressed in 

brain tissues, and therefore, all EHs could possibly play a role in the relative ep-PUFA and 1,2-

diol concentrations in the CNS.  

In the brain, mEH is highly expressed in epithelial cells. Additionally, lower 

concentrations of mEH are found in a variety of neuronal cells including cerebellar granule cells, 

striatal neurons, hippocampal pyramidal neurons, and central amygdala neurons69. Furthermore, 

elevated mEH expression occurs in the hippocampus of AD patients70. The hippocampus is one 

of the primary regions affected by AD pathology. Therefore, mEH may be important in the 

pathological effects observed in this part of the brain of AD patients.  
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Soluble epoxide hydrolase (sEH) is expressed in different regions of the brain and in 

several cell types including astrocytes, endothelial cells, and neural cell bodies71. Additionally, 

sEH is involved in regulating pathways related to axonal growth in neurons and neural 

development, mainly through sEH catalyzed hydrolysis of ep-PUFAs72. Due to the neuronal 

effects of sEH, sEH can be another useful target to gain insight into AD pathology and/or be 

targeted for therapeutic benefits.  

1.5.2. Increased 1,2-diol PUFA metabolites in AD patients  

The primary product of EH activity are dihydroxy-PUFAs, which have increased polarity 

compared to ep-PUFAs. Therefore, they generally reside in the extracellular fluid (ECF) 

compartment and are generally considered to have little to no biological activity73. However, 

several recent studies have suggested that dihydroxy-PUFAs play an important physiological 

role. For example, dihydroxy-PUFAs are present in human urine and plasma, and these levels 

correspond to various disease states73. Therefore, dihydroxy-PUFAs may be directly or indirectly 

involved in various disease states, and/or dihydroxy-PUFAs may be useful biomarkers73. 

Specifically, glucuronic acid conjugates, dihydroxy-9Z-octadecenoic acid (DiHOME), were 

found in the urine of children with peroxisomal disorders74. Additionally, blood serum analyses 

of AD patients showed a significant increase (20%) of all four dihydroxyeicosatrienoic acid 

(DHET) species compared to healthy individuals75. Further investigation of the molecular 

involvement of dihydroxy-PUFAs may be useful in developing potential therapeutics for 

neurodegenerative diseases and/or validating biomarkers for diseases like AD.  

 The brain has a high capacity to make ep-PUFAs from their parent PUFAs using CYP 

enzymes55. In neuronal cells, ep-PUFAs are rapidly degraded by EHs, primarily by sEH55,76. The 

major elimination pathway of ep-PUFAs is their hydrolysis to 1,2-diols. Additionally, recent 
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literature suggests that brain oxylipin levels may correlate to the amount of ingested dietary lipid 

content. Supplementation with ω-3 PUFAs (EPA and DHA) increases the level of EPA- and 

DHA-derived CYP metabolites and decreases ω-6 fatty acid, AA-derived, CYP metabolites in rat 

brains77. The observed metabolite concentration change suggests that brain ep-PUFA 

concentrations are closely related to the concentrations of ω-3 and ω-6 fatty acids consumed in 

the diet. Additionally, ω-3 rich diets (EPA and DHA) reduced ep-PUFA levels and decreased 

ratio of epoxy to dihydroxy-PUFAs, which suggests increased sEH activity and/or increased she 

expression55,78. Therefore, the ep-PUFA concentrations in the CNS are largely controlled by 

dietary sources and intake in mammals.  

AD patients have increased expression levels of EH in specific regions of the brain, such 

as the hippocampus. A recent study investigated whether higher expression of EH in AD patients 

corresponds to higher diol concentrations in the serum. To test if higher expression of EH 

corresponds to higher diol concentration, serum was collected from 126 elderly individuals. Of 

these patients, 62 were considered cognitively healthy and 64 were diagnosed with AD. The 

oxylipin concentrations were analyzed using UPLC-MS/MS. The AD patients had higher levels 

of all four dihydroxyeicosatrienoic acid (DiHETrE) species: 14,15-DiHETrE (18% higher),11,12 

DiHETrE (18% higher), 8,9-DiHETrE (23% higher), and 5,6-DiHETrE (15% higher)75. These 

data suggest that the EH expression levels do correlate to the increased 1,2-diol concentration in 

AD patients. Therefore, further investigation into the role of 1,2-diol species in AD patients may 

be useful in further understanding the pathology of the disease.  

1.5.3. Soluble epoxide hydrolase inhibition in AD models  

sEH function has been closely linked to neuroinflammation, likely caused by oxidative stress 

from reactive oxygen species (ROS), in neurological disorders, such as AD. Several nonsteroidal 
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anti-inflammatory drugs and antioxidant therapies have failed in clinical trials79. Therefore, 

expanding the scope of novel targets may be the next logical step in therapy development. 

Recent literature suggests that brain-penetrant sEH inhibitors (sEHi) may stabilize EETs in the 

brain80,81. Stabilizing EETs could lead to a cascade of events that reduce reactive oxygen species 

(ROS) and diminish neuroinflammation80,81. The reduction in neuroinflammation may protect 

neurons from degeneration and ultimately lead to positive outcomes for AD patients. Three brain 

penetrant sEHis have been investigated in detail namely, TPPU, AS-2586114, and UB-EV-52. 

To demonstrate that the compounds had the desired effect of sEH inhibition, the levels of 

regulatory lipid mediators were measured in the cortex of treated and control mice. After 

treatment, the levels of proinflammatory lipid mediators, such as cytokines, were reduced in the 

treated mice, and concentrations of anti-inflammatory ep-fatty acids are found to be higher in all 

treated groups80.  Additionally, soluble epoxide hydrolase inhibition provoked a reduction in 

hyperphosphorylated tau concentration. Therefore, sEH inhibition may protect against the 

negative effects of hyperphosphorylated tau. Furthermore, treatment with all three sEH inhibitors 

drastically increased the discrimination index (DI) in a novel object recognition test (NORT)80. 

In both models, a separate group of mice were also treated with donepezil, which is a treatment 

option for mild cases of AD. Interestingly, in all cases, the sEH inhibitors reduced cognitive 

decline better than donepezil. Therefore, sEH inhibition can be another useful avenue to 

investigate AD pathology and could also be used as new therapy.  

1.6. Caenorhabditis elegans  

1.6.1. Introduction to C. elegans 

 To investigate tauopathy in AD and other neurological disorders, the model organism C. 

elegans was selected. C. elegans are a free-living, non-parasitic nematode that was first 
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introduced as a model organism by Sydney Brenner in 1963. It is a small (~1 mm), transparent 

roundworm, with a short life cycle of ~3 weeks82. Additionally, the C. elegans genome has been 

published for over 20 years, and techniques like direct microinjection allow for production of 

transgenic worms that can model human disease, such as AD. Furthermore, the C. elegans 

genome shares 41% sequence homology with humans, with sequence similarity of 59%83, and 

many signaling pathways are conserved between C. elegans and humans84. Therefore, C. elegans 

serve as a suitable animal model to investigate specific diseases in which important biological 

features of that disease are conserved in C. elegans and humans.  

 C. elegans are self-fertilizing hermaphrodites with a 3-4 day reproductive cycle, and an 

average lifespan of 18-20 days when maintained at 20°C85. After hatching, C. elegans can 

develop directly through four larval stages (L1-L4) or proceed to the dauer stage after L2, instead 

of L3. The dauer stage is a developmentally stunted stage with the ability to survive adverse 

conditions. Dauer should be avoided when actively conducting experiments with C. elegans. 

Worms will go into dauer when they experience adverse conditions, such as extreme temperature 

or lack of food. However, once the adverse conditions subside, C. elegans can recover and 

continue normal development where they exit dauer and re-enter the cycle at the L4 stage85. 

Researchers must consider reproductive and developmental issues when actively performing the 

experiments, such as contamination of an age synchronized population with progeny. Despite the 

additional considerations that must be made, C. elegans are an incredibly useful model to study 

specific diseases, including AD.  

1.6.2. Advantages of using C. elegans as an animal model  

 There are several advantages to using C. elegans as a model organism for human disease. 

First, C. elegans share significant sequence homology, ~41%, and sequence similarity, ~59%, 
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with humans83,84. Therefore, it is likely that C. elegans possess homologs to much of the 

biological machinery involved in human disease. Additionally, the entire genome of C. elegans 

is published82. C. elegans are genetic malleable, and the C. elegans genome can be modified to 

express proteins of interest in human diseased states. Moreover, C. elegans consume non-

pathogenic E. coli., and the maintenance cost is extremely low. Furthermore, C. elegans are a 

transparent nematode, which enables imaging live animals with fluorescent microscopy. 

Researchers can genetically engineer C. elegans to express a fluorescent marker in specific cells 

to track cellular function. The tracking can be done throughout the lifespan of the worm as C. 

elegans are transparent. Therefore, no surgical intervention is necessary to study the 

fluorescence. Lastly, C. elegans have a short lifespan of ~3 weeks. Therefore, complete studies 

with multiple trials can be performed relatively quickly. The advantages of C. elegans enable 

large scale and relatively quick studies of complicated human diseased states. However, all 

models have some limitations. As C. elegans are nematodes and not mammals, the translatability 

of observed effects can always be brought into question. Therefore, the most effective way to use 

C. elegans is to perform large scale screening that cannot practically be performed in mammalian 

studies to narrow the research focus for more complicated mammalian models. 

1.6.3. C. elegans as a model for AD  

Accumulation of intracellular neurofibrillary tangles is a hallmark of AD. The primary 

molecular component of these tangles is the microtubule associated protein tau. A transgenic C. 

elegans strain has been developed that contains the molecular machinery to produce human tau 

in vivo. The first such model was based on the overexpression of human 4R1N tau pan-

neuronally through the Paex-3 promoter86,87. The mutant worms show reduced survival, 

accumulate detergent-insoluble tau, and undergoes late-onset neurodegeneration. The human tau 
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expressing C. elegans provides a model to study AD, which can be further genetically modified 

through crossing to investigate specific molecular mechanisms of AD pathogenesis.  

Tau is regulated post-translationally by a host of enzymes. One of particular interest in AD is 

phosphorylation. There are approximately 45 protein kinases that have been shown to 

phosphorylate tau22,88. Kinases are highly conserved through evolution, and more than 65% of 

the human kinases have clear homologs with C. elegans86,87. Therefore, human tau expressed in 

C. elegans neurons is expected to become phosphorylated by C. elegans kinases, which can 

further increase the neurodegeneration seen in the transgenic worm. Furthermore, C. elegans 

express two epoxide hydrolases that have high sequence homology with mammalian EH455. The 

homologs also contain the aspartate catalytic triad that is thought to be crucial for function. 

Lastly, recent unpublished data from the Lee lab analyzing the oxylipin profile of C. elegans AD 

model, containing both transgenic addition of human tau and human Aβ, shows an increase in 

AA derived 1,2-diols summarized in Figure 6. This increase in diol concentration was also 

observed in AD patient blood serum. PUFA and PUFA metabolite concentration have been 

linked to two primary methods of cell death suggested in AD pathology, namely ferroptosis and 

excitotoxicity89,90,91. Therefore, C. elegans provide a useful model to study both tau 

phosphorylation and epoxide hydrolase activity in AD pathology as related to ferroptosis and 

excitotoxicity. 
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Figure 6: Concentration of 1,2-diols derived from AA in C. elegans AD model. DHET: 

dihydroxyeicosatrienoic acid 
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CHAPTER TWO: 

INVESTIGATION OF NEURODEGENERATION IN GLUTAMATERGIC NEURONS 

USING C. ELEGANS 

2. GLUTAMATERGIC NEURON SYSTEM    

2.1. Introduction to glutamatergic neuron system  

2.1.1. General identification and function of glutamatergic neuron system 

Glutamate is one of the major excitatory neurotransmitters in the nervous system. 

Glutamate is an amino acid and neurotransmitter, and therefore, it has many normal 

physiological functions. Consequently, disruption of the physiological function of glutamate has 

profound effects both in disease and injury1.  

Glutamate concentrations in the extracellular space of humans are low (~25 μM) and 

tightly controlled by several mechanisms at the synapse1,2,3. Perturbations to the regulatory 

system can lead to release of excessive glutamate, which can cause excitotoxicity and cell death. 

Disruptions of the regulatory system have been linked to impaired spatial learning and reduced 

sensitivity to reward1,4,5. Therefore, the endogenous level of glutamate is tightly regulated to 

maintain health of the organism. 

Glutamatergic neurons can be identified through detection of mRNA encoding vesicular 

glutamate transporters (VGlutTs), which transport glutamate into synaptic vesicles at presynaptic 

terminals6. Three isoforms of the vesicular glutamate transporter are known and present in the 

CNS namely, VGluT1, VGluT2, and VGluT36. As VGluTs are responsible for the transport of 

glutamate into synaptic vesicles, VGluTs are also tightly regulated7. Any disruption in the tight 

regulation of VGluTs can lead to increased glutamate at the synapse, which causes excitotoxicity 

and eventually cell death8. A plethora of neurological disorders can cause dysregulation of 
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VGluTs leading to uncontrolled glutamate concentrations leading to cell death9. Additionally, the 

glutamatergic system has a host of ligand-gated ionotropic receptors (iGluRs) who play 

fundamental roles in synaptic plasticity, which is an underlying mechanism of learning and 

memory10. Due to the important roles of the iGluRs in glutamate neurotransmission, disruption 

of the normal signaling can also lead to excitotoxicity and eventually cell death. Therefore, 

regulation of iGluRs is implicated in a range of neurological disorders including AD.  

2.1.2. Alzheimer’s Disease effects on glutamatergic neuron system 

Many neurological disorders, including AD, share a final common deadly pathway 

known as excitotoxicity9.  Recent literature suggests that excitotoxicity may be one of the 

primary mechanisms of cell death in patients with AD patients10,11. There is significant evidence 

suggesting that the glutamatergic neuron system becomes degenerated as AD progresses. For 

example, the concentrations of VGluT1 and VGluT2 were quantified in the prefrontal and 

dorsolateral cortex of healthy and AD patients using specific antiserums12. The results showed a 

dramatic decrease in VGluT1 and VGluT2 concentrations in AD patients postmortem.  These 

results suggest that VGluT1 and VGluT2 cannot regulate the concentration of glutamate at the 

synapse as efficiently, which can lead to excitotoxicity of the glutamatergic neurons12. 

Furthermore, activation of extrasynaptic iGluR N-methyl-d-aspartate receptor (NMDAR) 

promotes cell death10. Therefore, glutamate receptor involvement can also contribute to the cell 

death of glutamatergic neurons observed in AD. Most likely neurodegeneration of the 

glutamatergic neurons observed in AD is caused by some combination of dysregulation of 

VGluTs, iGluRs like NMDAR, and possibly other receptors.    

Ferroptosis is another possible mechanism of neuronal cell death in AD13. Ferroptosis is 

an iron-dependent lipid peroxidation-driven cell death mechanism14. AD pathological hallmarks 
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are consistent with characteristics of ferroptosis namely, excess iron accumulation, elevated lipid 

peroxides, elevated reactive oxygen species (ROS), reduced glutathione, and reduced glutathione 

peroxidase 4 (GPX4) levels15. Additionally, specific ferroptosis inhibitors, such as liproxstatin-1, 

can relieve some of the cognitive decline in AD mammalian animal models15.  Therefore, 

ferroptosis may be contributing to the cell death mechanism observed in AD pathology. 

2.1.3. C. elegans glutamatergic neuron model strains 

 EAT-4 is the only homologue of human VGluT identified in C. elegans. As 

glutamatergic neurons are identified by the presence of VGluT, the EAT-4 homologue has been 

studied in detail to understand the glutamatergic neuron system in C. elegans17. To investigate 

the glutamatergic neuron system in C. elegans, the eat-4 gene, which encodes for the EAT-4 

protein, was tagged with a GFP reporter17. Therefore, all neurons with the EAT-4 protein, 

namely glutamatergic neurons, will fluoresce. The reporter was identified in 78 of the 302 

neurons of the adult hermaphrodite. Therefore, approximately 25% of the neurons in a C. 

elegans hermaphrodite are glutamatergic. The reporter study establishes an excellent baseline 

understanding of the glutamatergic neuron system in C. elegans that can be used for further 

investigation of neurological disorders like AD.  

 As previously described, AD is linked to two key proteins, tau and Aβ. To generate an 

AD C. elegans model, human 4R1N tau was inserted into wildtype C. elegans using the Paex-3 

promoter by direct microinjection18. The aex-3::tau(4R1N) transgenic C. elegans line displayed 

significant phenotypes including decreased thrashing and decreased cholinergic neuronal 

transmission18. Therefore, tau significantly affects the worm healthspan observed in both 

thrashing (movement) and neuron function phenotypes. To further investigate the role of the 

glutamatergic neuron system in AD, a cross between the tau transgene and the eat-4::GFP 
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reporter gene can be generated through traditional C. elegans genetic crossing. The progeny 

provides a method to directly observe the effects of tau insertion on the glutamatergic neurons 

through fluorescence microscopy.  

2.2. Experimental  

2.2.1. Preparation of nematode growth media (NGM)  

 C. elegans were maintained on nematode growth media (NGM) poured into petri dishes 

using a standard protocol. All work herein uses large petri dishes with a diameter (100 mm) from 

ThermoFisher unless otherwise denoted. NGM was prepared by mixing 3 g of NaCl, 15 g of 

agar, and 2.5 g of tryptone. The solid mixture was dissolved in 975 mL of DI H2O. The solution 

was then autoclaved for 1 hour and cooled to 55°C before pouring. Then, 25 mL of 1 M 

KH2PO4/K2HPO4 buffer was added to the NGM solution to control pH to approximately 7. After 

addition of buffer, 1 mL of 5 mg/mL cholesterol in ethanol, 1 mL of 1 M CaCl2, and 1 mL of 1 

M MgSO4 were added to the NGM solution. Approximately 15 mL of the final NGM mixture 

was added to each plate19.  

2.2.2. Preparation of bacterial food source (OP50) 

 A liquid media of Luria broth (LB) was prepared in a 1 L bottle mixing 10 g Bacto-

tryptone, 5 g Bacto-yeast, 5 g sodium chloride, and DI water to a total solution volume of 1 L. 

Approximately 1 mL of starter stock OP50 E. coli., obtained from Caenorhabditis Genetics 

Center (CGC), was transferred to the LB and allowed to grow overnight in an incubator at 37°C. 

After the overnight culture was grown, several 1 mL samples were removed and optical density 

at 600 nm (OD600) was measured. Desirable bacterial stocks have an OD600 of 0.4-0.620. All 

studies presented herein used bacterial stocks within this OD600 range. 
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2.2.3. Seeding NGM with bacteria  

 Approximately 40 mL of bacterial culture with an OD600 of 0.4-0.6 were aliquoted from 

the culture to a 50 mL centrifuge tube using sterile technique. Then, 100-150 μL of the solution 

was placed on each NGM plate and spread using a glass rod. Care was taken to ensure that the 

bacteria lawn was confined to the center of the NGM plate as the worms have a propensity to 

crawl up the sides of the petri plate if the bacteria is too close to the edge. Plates seeded with 

bacteria were left to dry overnight at room temperature. The dry, seeded NGM plates were then 

place into an airtight box and stored at 4°C for future use. Seeded plates remain usable for 

approximately 2 weeks19.  

2.2.4. Transferring worms  

 C. elegans constantly produce progeny throughout the early stages of adulthood. An 

unattended plate will become overrun with worms of various ages. Therefore, worm stocks need 

to be consistently transferred to freshly seeded NGM plates to avoid overpopulation and eventual 

lack of food21. In this research, two methods were used, chunking and picking. Chunking was 

performed with a sterile spatula. The sterile spatula was used to remove a piece of the agar, 

referred to as a chunk, and moved to a freshly seeded plate. The chunk contains many worms 

that will generate new progeny. The progeny was assessed for health through qualitative 

healthspan assays of crawling and locomotion before using this population for a quantitative 

assay. The second method used for transferring worms was individually picking worms with a 

worm pick. Worm picks were made by mounting a 1-inch piece of 32-gauge platinum wire into 

the tip of a Pasture pipet. Platinum was used because of its high thermal conductivity. Therefore, 

it can be easily sterilized with a flame and cooled quickly to room temperature between each 

worm transfer. The end of the platinum wire of each pick was flattened with pliers to prevent 
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damaging the worm’s cuticle and piercing the agar on each plate22. Approximately 50-100 μL of 

s-basal solution was placed on the seeded NGM plate in an area free of bacteria. S-basal was 

prepared by mixing 5.85 g of sodium chloride, 50 mL of a 1 M KH2PO4/K2HPO4, 1 mL of a 5 

mg/mL cholesterol in ethanol solution, and DI water to 1 L total solution volume. The s-basal 

solution was sterilized by autoclaving before use19.  Picked worms are transferred to the s-basal 

on the freshly seeded plate for an easier transfer. All worms are maintained in incubators at 20°C 

unless otherwise denoted.  

2.2.5. Preparation of supplemented plates 

 Throughout this research, the effects of different supplements were tested. Two methods 

were used to prepare supplemented plates. First, supplements dissolved in ethanol at desired 

concentration were added directly to the surface of the agar plate and spread using a sterilized 

glass rod. OP50 bacteria was placed on top of this supplement and spread as quickly as possible 

to prevent oxidation of the compound/supplement24. The process of supplementation is 

illustrated in Figure 7.  

 
Figure 7: Supplementing directly on the surface of the agar.  
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Additionally, supplements were added to the agar solution before plates were poured. During the 

NGM preparation process, supplements were added to the agar solution after autoclaving and 

cooling to 55°C. Therefore, the supplement was directly inside of the agar that the worms were 

grown on24. This process is illustrated in Figure 8. These methods were often used in tandem to 

provide multiple supplements used at the same time, and the methods were optimized for each 

supplement. 

Figure 8: Supplementing plates in the agar. 

 

2.2.6. Generation of novel strains through crossing  

 Five larval stage 4 (L4) N2 males were collected and transferred to a freshly seeded 

NGM plate. Additionally, five L4 hermaphrodites with desired trait #1 were placed on the same 

plate. In this research, all desired traits were detected with green fluorescent protein (GFP) 

and/or red fluorescent protein (RFP). The mixed N2 male and trait #1 hermaphrodite population 

were allotted sufficient time to produce progeny, which is approximately 1-2 days18. Next, five 

larval stage 4 (L4) male of new progeny (P1#1) were collected and transferred to a freshly seeded 

NGM plate. Then, five L4 hermaphrodites with desired trait #2 were placed on the same plate 
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and allotted sufficient time to produce new progeny, which is approximately 1-2 days. Then, five 

larval stage 4 (L4) hermaphrodite of new progeny (F1#1:: #2) that has the GFP/RFP markers of 

both trait #1 and trait #2 were collected and transferred to five freshly seeded NGM plate (1 

larva/plate) and let to produce new progeny. Homozygous populations were identified by 

isolating the plates with all progeny expressing both traits (GFP/RFP).  Only the homozygous 

populations were picked for generating larger population stocks. The progeny containing both 

desired traits are then crossed two to three more times with wildtype N2 to ensure that 

outcrossing has taken place. Outcrossing ensures that all progeny with the desired trait are 

homozygotes, and therefore, the outcrossed population will only produce progeny with the 

desired traits until single nucleotide polymorphisms affect the region of DNA responsible for the 

trait18,25.  

2.2.7. Generation of AD model with glutamatergic GFP (JKA71) 

To produce the novel strain, JKA71, eat-4::GFP; aex-3::tau, N2 males were crossed with 

OH11152 [eat-4::GFP; ttx-3::DsRed] to produce GFP and RFP/+ males. Refer to section 2.2.6. 

for more details about crossing. These GFP and RFP/+ males were crossed with CK1441 [Paex-

3::tau(4R1N); Pmyo-2::DsRed] hermaphrodites. The progeny expressing two specific traits 

namely, myo-2::DsRed labeled pharynx and eat-4::GFP neurons in the head, were isolated and 

transferred to a freshly seeded plate. The red pharynx serves as a biomarker that the tau insertion 

has been expressed. It is difficult to detect the ttx-3::DsRed neurons as the neurons often overlap 

with the pharynx. The progeny expressing both desired traits, myo-2::DsRed labeled pharynx and 

eat-4::GFP neurons, were left to produce progeny for 2-3 days.  The homozygote was left to 

self-fertilize and produce progeny for 2 generations18. If after the second generation all progeny 

contain both traits, the cross was successful in producing homozygotes. The homozygous 
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progeny was used as a stock for all phenotypic assays using the eat-4::GFP; aex-4::tau strain 

(JKA71). 

2.2.8. Age synchronization  

 To produce an age synchronized population, 100 healthy adult worms, typically day 1 to 

day 4 unless specifically mentioned, were moved to a freshly seeded plate. Healthy adult worms 

lay approximately 50-200 eggs per day26. The adult worms were given sufficient time, 

approximately 12-24 hours, to lay eggs. Once the plate contained the desired number of eggs and 

L1 stage worms, which varies depending on the assay to be performed, the healthy adult worms 

(egg layers) were removed from the plate. Afterwards, the plate was covered in hundreds of eggs 

that are within a few hours of identical age. The plate full of eggs and L1 was used as the age 

synchronized population. The age synchronization process is illustrated in Figure 9.  

 
Figure 9: Age synchronization process. 

2.2.9. Maintenance of age synchronized population 

 Once the worms were age synchronized, they were allotted sufficient time to develop to 

adulthood through the larval stages (L1, L2, L3, L4, adults). The age synchronized population of 

adult worms will begin producing progeny, and the progeny will contaminate the age 

synchronized population. After the progeny develops to the adult stage, it becomes difficult if not 

impossible to distinguish the adult progeny from the initial age synchronized population. 
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Therefore, it is important to constantly separate the progeny from the age synchronized 

population. Every day the age synchronized population was filtered through a 40 μm cell strainer 

placed on top of a 50 mL centrifuge tube. The adult worms are approximately 1 mm in length 

and 80-100 μm in diameter27. Therefore, the adult worms will not pass through the cell strainer 

and are caught on the surface. The eggs and the larval stage have a diameter smaller than 40 

μm28. The progeny was collected in the filtrate and removed. The adult worms were removed 

from the surface of the cell strainer and placed on a freshly seeded NGM plate. The filtration 

process was repeated every day during early adulthood of the age synchronized population to 

avoid any contamination from the progeny. Maintenance of the age synchronized population is 

described in Figure 10.  

 

Figure 10: Age synchronization maintenance through filtration. 

2.2.10. Glutamatergic neuron assay 

 A 1% agarose solution was prepared in 200 mL of DI water. Sufficient sodium azide was 

added to generate a 2 mM NaN3 solution mixed in the 1% agarose solution. Approximately 200-

400 μL agarose/sodium azide solution was placed on a microcopy slide. Another slide was 

placed on top of agarose/sodium azide droplet to generate a smooth pad that the worms can be 

placed. Once the agar pad is sufficiently dry, the second slide was removed. Then, 10 μL of 5 
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mM sodium azide was placed on top of the pad, and approximately 20 worms were placed into 

the droplet of sodium azide, which functioned to paralyze the worms for imaging. The worms 

were observed until all were fully paralyzed. Lastly, a microscopy slide cover was placed on top 

of the paralyzed worms when the sodium azide solution had near completely evaporated. The 

microcopy slide containing the paralyzed worms was then placed under a Nikon Ti-2 inverted 

microscope for analysis of neuronal GFP in the paralyzed worms29. The neuron assay process is 

illustrated in Figure 11.  

 
Figure 11: Neuron assay. 

2.2.11. Thrashing assay 

 For thrashing assays, 20 age synchronized worms of a desired age, (day 1, day 4, etc.) 

were transferred by a worm pick to 10 μL of s-basal on a NGM only plate at room temperature. 

The worms were allotted 30 seconds to move or “thrash”. After the 30 seconds, the worms’ 

movement or “thrashing” was recorded using a camera. The thrashing assay process is illustrated 

in Figure 12.  

 

Figure 12: Thrashing assay. 
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 One “thrash” was recorded when a complete sinusoidal motion was completed. 

Therefore, “thrashes” were only counted when the worms head and body moved from their 

starting position to the other side of a vertical axis and back to the starting position30. The scoring 

process is illustrated in Figure 13.  

 
Figure 13: Scoring thrashing of C. elegans30. 

2.2.12. Collecting and freezing worm samples for oxylipin and lipidomic analysis 

Oxylipins are a class of bioactive lipid metabolites derived from PUFAs via 

cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 enzymatic pathways. To 

investigate the oxylipin profile in C. elegans, we collected 5 mg of worms per trial to ensure that 

the whole worm lysates contain a sufficient concentration of oxylipins for detection. A 

sufficiently sized population of worms was generated by growing a population on 7 large plates, 

(100 mm diameter) per trial, with approximately 300-400 worms. Therefore, to generate 5 mg of 

whole worm lysates, we prepared approximately 2000-3000 worms. The age synchronized 

population of worms were generated and maintained using the filtration method illustrated and 

described in section 2.2.8 and 2.2.9. When a population of worms was ready for isolation and 

collection, the entire population was transferred and filtered using s-basal and a 40 μM cell 
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strainer. The worms that collected on the surface of the cell strainer were transferred using a 

Pasteur pipet to an Eppendorf vial. The worms were rinsed with s-basal and centrifuged. The 

supernatant was collected and discarded. The worms were then washed four more times to 

ensure that all bacteria and supplemented PUFA was removed. After the bacteria and supplement 

was removed, the Eppendorf vials containing each worm sample were transferred to a benchtop 

centrifuge. The vials were centrifuged for 10 minutes at 10,000 rpm at 4°C. The supernatant was 

removed using 100 μL and 10 μL pipets. A 20 μL pipet with a long tip was pushed to the bottom 

of the vial to remove liquid between the worms. Lastly, standard filter paper was cut into sharp 

triangles that were small enough to fit into the Eppendorf vials. One filter paper triangle was 

placed into each vial and left for 5 minutes to remove any remaining liquid within the worm 

sample. Additional filter paper was added until the paper remained dry after placement in the vial 

for 5 minutes. After all the liquid was removed, the worm samples were flash frozen using liquid 

nitrogen and stored in the -80°C freezer. The collection of worms for oxylipin and lipidomic 

analysis is illustrated in Figure 14. 
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Figure 14: Worm sample preparation for oxylipin and lipidomic analysis. 

 

2.2.13. Worm homogenization for oxylipin and lipidomic analysis   

Eppendorf vials containing dry worm samples were removed from -80C storage. The 

worm samples were flash frozen using liquid nitrogen once more, and the solid worm mass was 

broken loose using a 0.7 mm needle. The solid worm mass was transferred to the homogenizer 

vial and mass was recorded. Three homogenization beads were added to each homogenizer vial. 

Additionally, 100 μL phosphate-buffered saline (PBS), 10 μL of internal standard, consisting of 

10 deuterated oxylipins, and 10 μL of antioxidants, consisting of ethylenediamine tetraacetic acid 

(EDTA), butylated hydroxytoluene (BHT), and triphenylphosphine (TPP) were added to each 

homoegenizer vial. The details of the deuterated oxylipin standards are shown in Table 1. Each 

homogenizer vial containing the worm samples were flash frozen using liquid nitrogen and then 

homogenized for five 30 second cycles at 5 M/s using an omni bead ruptor 24 homogenizer. 

After homogenization, an additional 900 μL of PBS was added to the homogenized sample. The 
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sample was centrifuged using a benchtop centrifuge at 10,000 rpm for 5 minutes. The 

supernatant was collected and transferred to a new Eppendorf for solid phase extraction. The 

process of homogenization is illustrated in Figure 15.  

Oxylipin standard name Oxylipin standard abbreviation 

6-keto prostaglandin F1α-d4 6-keto-PGF1α-d4 

5(S)-hydroxyeicosatetrenoic-d8 acid 5(S)-HETE-d8 

8,9-epoxyeicosatrienoic-d11 acid 8,9-EET-d11 

Arachidonic-d8 acid AA-d8 

15(S)-hydroxyeicosatetraenoic-d8 acid 15(S)-HETE-d8 

Prostaglandin B2-d4 PGB2-d4 

8,9-dihydroxyeicosatrienoic-d11 acid 8,9-DiHETrE-d11 

9(S)-hydroxyoctadecadienoic-d4 acid 9(S)-HODE-d4 

Leukotriene B4-d4 LTB4-d4 

Prostaglandin E2-d9 PGE2-d9 

Table 1: Deuterated standards used for oxylipin analysis. 

 
Figure 15: Worm homogenization for oxylipin and lipidomic analysis. 

2.2.14. Solid phase extraction to isolate oxylipins from the whole worm lysate 

To isolate oxylipins from the whole worm lysates, solid phase extraction (SPE) was used. 

We used a polar stationary phase to trap extremely polar biological material such as sugars. The 

oxylipins that we are isolating are significantly less polar in comparison. To begin, the SPE 

column was prepared by sequential washing with 2 mL ethyl acetate, two washes with 2 mL 

methanol, and then washing with 2 mL of 95:5 (v/v) mixture of water and methanol containing 

0.1% acetic acid. The column was not allowed to completely dry during preparation. The process 

of SPE column preparation is illustrated in Figure 16.  
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Figure 16: Solid phase extraction column preparation. 

After the SPE column was prepared, the Eppendorf vials containing the prepared samples after 

homogenization were loaded onto the SPE column. The sample was washed by gravity with no 

added pressure. After the column was loaded with the sample from gravity, 1.5 mL of the 

washing solution, 95:5 (v/v) mixture of water and ethanol with 0.1% acetic acid, was added to 

the column. The column was dried by gravity until all liquid was undetectable by eye. Next, the 

column was thoroughly dried with vacuum pump for 20 minutes. After thorough drying, the 

column was ready for elution. The process of loading the sample to the SPE column is illustrated 

in Figure 17. 

 
Figure 17: Loading the sample to the SPE column. 

After the column was loaded with the sample and completely dried, 0.5 mL of methanol was 

added to begin the elution step. Eluted compounds were collected to an Eppendorf vial 

containing 6 μL of 30% glycerol in methanol, which serves as a trap solution. The column was 

allowed to gravity elute until the column appeared dry. A 5 mL syringe was filed with air and 

placed on the top of the SPE column to gently push the remaining solvent out of the column with 
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air. Once the column was completely dry, 1 mL of ethyl acetate was added to the column. The 

solvent was allowed to gravity elute until the column appeared dry. The remaining solvent was 

again removed using a 5 mL syringe gently pushing air through the column. The process of 

eluting is illustrated in Figure 18.  

 
Figure 18: Elution of oxylipins from SPE column.  

Upon completion of SPE, the final extracted sample was dried using a speed-vac until the trap 

solution was all that remained. The resides were reconstituted with 100 μL of 75% 

methanol/water containing 10 nM of internal standard, 12-

[(cyclohexylcarbamoyl)amino]dodecanoic acid (CUDA). The samples were then mixed on a 

vortex for five minutes and filtered with a 0.45 μm filter. Lastly, the samples were transferred to 

auto-sampler vials with salinized inserts, purged with argon gas, and stored at -80C until 

injection. 

2.2.15. Isolation of PUFAs from whole worm lysates 

Whole worm samples for lipidomic analysis were prepared as described in sections 

2.2.13. Next, 20 mL of the lipid extraction solvent, consisting of 50:50 (v/v) methanol and 

chloroform containing 0.1% butylated hydroxytoluene (BHT), was prepared. The worms were 

flash frozen using liquid nitrogen before transferring to a 2 mL cryogenic vials by a 0.7 mm 
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needle as described in section 2.2.14. After the worms were transferred to the cryogenic vial, 0.1 

mL of the lipid extraction solvent and 2-3 homogenization beads were added to each cryogenic 

vial. Each homogenizer vial containing the worm samples were flash frozen using liquid nitrogen 

and then homogenized for five 30 second cycles at 5 M/s using an omni bead ruptor 24 

homogenizer. The whole worm lysates were transferred to a borosilicate glass tube using an 

additional 0.4 mL of cold methanol and 1 mL of cold chloroform. Lastly, 5 μL of internal 

standard, nonadecanoic acid, was added to each sample. Each vial was mixed using a vortex for 

two minutes each. The samples were then sonicated using a benchtop sonicator bath for 15 mins 

on ice. After sonication, 0.5 mL of washing buffer, consisting of 0.2 M phosphoric acid and 1 M 

potassium chloride, and mixed using a vortex for five minutes. Each sample was incubated on 

ice for 10 minutes. The samples were then centrifuged for 10 minutes at 1,000 rpm in benchtop 

centrifuge. The bottom, chloroform, layer was collected into a 1 dram vial. The samples were 

then dried using a rotary evaporator. Lastly, each sample was purged with argon and stored in the 

-80C until the esterification step.  

2.2.16. Esterification of PUFA for lipidomic analysis 

The dried lipid samples prepared as described in section 2.2.15 were removed from the 

freezer and allotted sufficient time to warm to room temperature. A water bath maintaining 80C 

was prepared. Then, 1 mL of 1 normal methanolic hydrochloric acid was added to each sample. 

Each sample was sonicated for 1 min. The reaction vessel was placed into the 80C water bath 

for 1 hour. After one hour, the vessels were removed from the water bath and allotted sufficient 

time to reach room temperature. Once the samples reached room temperature, 0.5 mL of 0.9% 

sodium chloride in water was added to each sample and mixed on the vortex for a few seconds. 

After mixing, three separate additions of 0.5 mL of hexane were added to exact as much of the 
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organic compounds as possible. Each sample after extraction was dried on a rotary evaporator. 

The samples were then purged with argon and stored in -80C freezer until GC/MS injection.  

2.2.17. Oxylipin analysis method using HPLC/MS/MS  

The LC conditions were optimized to separate all eicosanoids of interest with a desired 

peak shape and signal intensity using a XBridge BEH C18 2.1x150mm HPLC column. The 

mobile phase A comprised of 0.1% acetic acid in water. Mobile phase B consisted of 

acetonitrile:methanol (84:16) with 0.1% glacial acetic acid. Gradient elution was performed at a 

flow rate of 250 μL/min. Chromatography was optimized to separate all analytes in 20 min. The 

autosampler, Waters ACQUITY FTN, was kept at 10°C. The column was connected to a TQXS 

tandem mass spectrometer (Waters) equipped with Waters Acquity SDS pump and Waters 

Acquity CM detector. Electrospray was operated as ionization source for negative multiple 

reaction monitoring (MRM) mode. To generate the best selectivity and sensitivity, each analyte 

standards were infused into the mass spectrometer and multiple reaction monitoring was used to 

analyze the desired compound.  

2.2.18. Lipidomic analysis method using GC/MS 

The fatty acid methyl esters (FAMEs) were injected into an Agilent 7010 series gas 

chromatograph equipped with a 30 × 0.25-mm DB-23 column (Agilent), N2 as the carrier gas at 

1.4 ml/min, and an Agilent triple-axis high energy diode-electron multiplier (HED-EM) detector. 

The gas chromatograph was run at initial temperature of 120°C for 1 min, followed by gradient 

flow of 10°C/min to 190°C, followed by an increase of 2°C/min to 200°C. Electron ionization 

(EI) was used as the ion source method.   
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2.2.19. Synthesis of epoxyeicosatetraenoic acid (EEQ) regioisomeric mixture 

In a flame-dried 100 mL round bottom flask under Ar atmosphere, eicosapentaenoic acid 

methyl ester (EPA-ME) (1 gram, 3.16 mmol, 1 equiv.) dissolved in 5 mL methylene chloride 

was added by syringe. Then, meta-chloroperoxybenzoic acid (mCPBA) (1.01 g, 3.79 mmol, 1.2 

equiv.) was dissolved in 10 mL of methylene chloride and added dropwise to the reaction vessel. 

The reaction mixture was stirred for one hour at room temperature. Aqueous sodium bicarbonate 

(5%, 10 mL) was added, extracted with methylene chloride (3 x 15 mL), dried with magnesium 

sulfate, and evaporated under reduced pressure. The methyl epoxyeicosatetraenoate 

regioisomeric mixture was separated from unreacted starting material and polyepoxides by 

normal-phase flash chromatography using a hexane: ethyl acetate gradient described in table 2 

and tracked by thin layer chromatography (TLC) (hexane: ethyl acetate, 70:30 % 

volume/volume, Rf = 0.45), yielding 726 mg (2.19 mmol, 69% yield) of the methyl 

epoxyeicosatetraenoate regioisomeric mixture. 

Duration (minutes) %B Solvent A Solvent B 

3.3 4.9 Hexane Ethyl Acetate 

14.1 26.3 Hexane Ethyl Acetate 

0.1 27.2 Hexane Ethyl Acetate 

0.5 30.0 Hexane Ethyl Acetate 

12 49.8 Hexane Ethyl Acetate 

Table 2: Solvent gradient for EEQ methyl ester separation.  

 

In a flame-dried 100 mL round bottom flask under Ar atmosphere cooled to 0C in an ice 

bath, the methyl epoxyeicosatetraenoate regioisomeric mixture (0.726 g, 2.19 mmol, 1 equiv.) 

was added by syringe. Then, THF: H2O solvent mixture (8mL, 6.4 mL:1.6 mL) was added to the 

reaction vessel followed by dropwise addition of 2 M aqueous LiOH (2.19 mL, 4.38 mmol, 2 

equiv.). The reaction mixture was warmed to room temperature and stirred for one hour. The 

reaction was quenched by dropwise addition of neat formic acid until pH~4. Water (10 mL) was 
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added and extracted three times with ethyl acetate (3 x 15 mL), dried with magnesium sulfate, 

and evaporated under reduced pressure. The EEQ regioisomeric mixture was separated from 

unreacted starting material by normal-phase flash chromatography using hexane: ethyl acetate 

gradient as described in table 3 and tracked by TLC (hexane: ethyl acetate, 70:30 % 

volume/volume, Rf = 0.27), yielding 648 mg of EEQ monoepoxides (2.03 mmol, 93% yield).  

Duration (minutes) %B Solvent A Solvent B 

1.6 0 Hexane Ethyl Acetate 

12.4 49.8 Hexane Ethyl Acetate 

6.0 69.9 Hexane Ethyl Acetate 

5.0 79.9 Hexane Ethyl Acetate 

Table 3: Solvent gradient for EEQ acid separation.  

 

The monoepoxides were characterized using the HPLC/MS/MS and discussed further in section 

2.2.20. The synthetic scheme for EEQ preparation from EPA-ME is illustrated in Figure 19. 

 
Figure 19: Synthesis of epoxyeicosatetraenoic acid (EEQ) regioisomeric mixture. 

 

2.2.20. Characterization of EEQ mixture by HPLC/MS/MS 

Identical HPLC/MS/MS conditions were used for characterization of the EEQ mixture 

and as used for raw biological samples as described in section 2.2.17. The EEQ mixtures were 

characterized by matched retention times and MS/MS transition with a known standard of each 

EEQ regiosiomer. The identification was further corroborated by the parent ion mass/charge 

ratio at the matched retention time. All EEQ regioisomers in negative MRM mode will have a 

parent ion m/z of 317.2. Figures 20-24 illustrates the initial identification of each regiosiomer by 

retention time comparison to the known standard (top) and mixture (bottom). 
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Figure 20: Characterization of 17,18-EEQ (EpETE) by HPLC/MS/MS. 

 

 

 

 
Figure 21: Characterization of 14,15-EEQ (EpETE) by HPLC/MS/MS. 

 

 

 

 

 
Figure 22: Characterization of 11,12-EEQ (EpETE) by HPLC/MS/MS. 

 

 

 

 

 
Figure 23: Characterization of 8,9-EEQ (EpETE) by HPLC/MS/MS. 
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Figure 24: Characterization of 5,6-EEQ (EpETE) by HPLC/MS/MS. 

 

All EEQ regiosiomers in mixture match retention times, within 0.05 min, with known standard 

of each regioisomer. Additionally, the parent ion of 317.2 m/z is present for each regiosiomer in 

the mixture further validating the presence of each isomer. Lastly, 11,12-EEQ overlaps slightly 

with 8,9-EEQ during separation, which explains the presence of two peaks in the 11,12-EEQ 

chromatogram. The unique peak at 11.43 is used for quantification.  

2.3. Using GFP to assess neural health of glutamatergic neurons in C. elegans  

2.3.1. Establishing the glutamatergic GFP model 

OH11152 [eat-4::GFP; ttx-3::DsRed] expresses green fluorescent protein (GFP) in five 

glutamatergic neurons: BAG, ASE, AWC, AFD, ASG. Figure 25 shows several examples of 

healthy worms expressing GFP in five glutamatergic neurons.  

           
Figure 25: GFP showing glutmatergic neuron somas in healthy eat-4::GFP C. elegans.  

 

The imaging assay for eat-4::GFP; ttx-3::DsRed involves counting the number of visible 

cell somas. Any worm that does not express GFP in these five neurons is considered unhealthy. 
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Results are reported as the percentage of worms that are healthy (expressing GFP in all five GFP 

tagged neurons).  

2.3.2. Transgenic humanized tau C. elegans glutamatergic neuron assay 

To investigate the effect of tau on glutamatergic neurons, a eat-4::GFP; ttx-3::DsRed 

(expresses GFP in five glutamatergic neurons) was crossed with tau transgenic worms, aex-

3::tau(4R1N); myo-2:DsRed (CK1441). More detail on the crossing process can be found in 

sections 2.2.6. and 2.2.7. Imaging analysis of the resulting homozygous population revealed that 

the tau insertion causes degeneration of the five glutamatergic neurons. The observed effect is 

reported and illustrated in Figure 26.  

(a)                   (b)                                          (c) 

         
Figure 26: GFP in eat-4::GFP; aex-3::tau C. elegans. 

(a) Healthy tau worm (b) Unhealthy tau worm (c) Healthy control  

 

The observed neurodegeneration quantified by neural GFP loss in the tau worms (eat-4::GFP; 

aex-3::tau) was quantified. An age synchronized population of control worms (eat-4::GFP) and 

tau worms (eat-4::GFP; aex-3::tau) were assayed for neural health by assessing the number of 

visible somas in each worm.  More details on the neural imaging assay can be found in section 

2.2.7. Figure 27 shows the quantified results of three separate trials of the control (eat-4::GFP) 

and tau (eat-4::GFP; aex-3::tau) strain. The worms were maintained for five days and scored 
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during the lifespan at days 1, 3 and 5. The tau worms (eat-4::GFP; aex-3::tau) exhibit a 

shortened lifespan making it difficult to maintain a sufficiently large population beyond day 5.  

 
Figure 27: Quantified glutamatergic neural health in eat-4::GFP (Control) and eat-4::GFP; 

aex-3::tau (Tau) worms. 

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

The control (eat-4::GFP) and tau worms (eat-4::GFP; aex-3::tau) data demonstrate that 

tauopathy induces neurodegeneration in glutamatergic neurons through an unidentified 

mechanism. Therefore, tau worms (eat-4::GFP; aex-3::tau) serve as a useful model to 

investigate potential therapeutics through supplementation.  

2.3.3. Glutamatergic neuron assay with epoxide hydrolase inhibitor, AUDA, treatment  

 There is evidence suggesting that inhibiting soluble epoxide hydrolase in AD models can 

have a protective effect on the individual31. Therefore, to investigate if the same or similar effect 

can be observed in the C. elegans animal model, we supplemented the AD C. elegans tau model 

with 12-[[(tricyclo[3.3.1.13,7]dec-1-ylamino)carbonyl]amino]-dodecanoic acid (AUDA). AUDA 

is a known soluble epoxide hydrolase inhibitor that has been shown to inhibit the C. elegans 
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epoxide hydrolase homolog (CEEH)32. Therefore, AUDA serves as the best sEH inhibitor to 

study the effects of epoxide hydrolase inhibition in C. elegans. The structure of AUDA is shown 

in Figure 28.  

 
Figure 28: Structure of AUDA. 

Separate L4 age synchronized population of control worms (eat-4::GFP) tau worms (eat-

4::GFP; aex-3::tau) were moved to 12 total plates supplemented with AUDA, 3 populations of 

control (eat-4::GFP) with AUDA and vehicle (ethanol) and 3 populations of tau (eat-4::GFP; 

aex-3::tau) with AUDA and vehicle.  Sufficient AUDA was dissolved in ethanol and added to a 

55°C NGM solution to a final concentration of 100 μM AUDA. The AUDA plus NGM solution 

was then used to pour plates and seeded with OP50 using standard methods. Ethanol was added 

to the NGM plates and used for the vehicle control. Refer to sections 2.2.5. for more details on 

the seeding and supplementation process. An age synchronized population of worms was 

generated and maintained using the filtration method illustrated and described in section 2.2.8. 

and 2.2.9. Twenty worms from each of the 12 age synchronized populations were scored for 

neuron health by counting the distinct cell somas expressing GFP. Worms missing any of the 

five glutamatergic neurons were scored as unhealthy, and worms expressing all five were scored 

as healthy. Figure 29 shows the percentage of healthy worms, expressing GFP in all five 

glutamatergic neurons, for each population.  
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Figure 29: Quantified glutamatergic neural health in eat-4::GFP (Control) and eat-4::GFP; 

aex-3::tau (Tau) treated with and without AUDA. 

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

Figure 29 illustrates a significant difference between the eat-4::GFP; aex-3::tau (Tau) with and 

without supplementation. The eat-4::GFP; aex-3::tau (Tau) worms supplemented with AUDA 

have significantly healthier glutamatergic neurons, as detected by GFP in the five tagged 

neurons, than tau worms treated with ethanol control. AUDA is a known inhibitor of epoxide 

hydrolase in the worms32. Therefore, the recovery effect may be explained by an increased epoxy 

PUFA concentration and a decrease in 1,2-diol PUFA metabolite concentration.  

2.3.4. Glutamatergic neuron assay with ω-3 fatty acid and ω-3 fatty acid metabolite 

supplements 

 To investigate if the observed neuronal recovery was caused by an increase in specific ω-

3 fatty acids or ω-3 epoxide metabolites, both the control (eat-4::GFP) and tau (eat-4::GFP; 

aex-3::tau) were supplemented with eicosapentaenoic acid (EPA) and its epoxide metabolite, ep-
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eicosatetraenoic acid (EEQ). EPA is an ω-3 fatty acid, and ω-3 fatty acids have been associated 

with neuroprotective effects in mammalian studies33. Additionally, EPA is found in larger 

concentrations compared to other ω-3 fatty acids such docosahexaenoic (DHA) in C. elegans34. 

EEQ is one of the substrates of CEEH and was tested to assess if the rescued glutamatergic 

neurons from AUDA treatment are the result of an increase in epoxide metabolites.  The L4 age 

synchronized populations were prepared and placed on NGM plates supplemented with EPA or 

EEQ. Refer to section 2.2.5. for more details on supplementing NGM plates on the surface of the 

agar. Age synchronized populations of supplemented worms were maintained by filtration. 

Twenty worms of each population were scored for the presence of GFP in all five neuron somas. 

If the worms have all five somas, they are scored as healthy. Otherwise, the worms are scored as 

unhealthy. Figure 30 shows the quantified results for control (eat-4::GFP) supplementation with 

EPA and EEQ for each population of worms.  

 
Figure 30: Quantified glutamatergic neural health in eat-4::GFP (Control) treated with 

EPA and EEQ.  

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  
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Age synchronized population of tau worms (eat-4::GFP; aex-3::tau) were placed on plates with 

vehicle control (ethanol), EPA, or EEQ. Age synchronization and maintenance was performed as 

previously described in sections 2.2.8. and 2.2.9. The glutamatergic neural health was assayed as 

previously described in section 2.3.2. Figure 31 shows the results for tau worms (eat-4::GFP; 

aex-3::tau) supplementation with EPA and EEQ for each population of worms. 

 
Figure 31: Quantified glutamatergic neural health in eat-4::GFP; aex-3:tau (Tau) treated 

with EPA and EEQ. 

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

Figure 32 shows both strains, control (eat-4::GFP) and tau (eat-4::GFP; aex-3::tau) with 

supplementations for a direct comparison.  
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Figure 32: Quantified glutamatergic neural health in eat-4::GFP (Control) and eat-4::GFP; 

aex-3::tau (Tau) treated with EPA and EEQ. 

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

Figure 32 illustrates that there are significant differences between the control (eat-4::GFP) and 

tau (eat-4::GFP; aex-3::tau) groups. The result illustrated in Figure 32 might be explained by 

limited absorption of EPA and EEQ through supplementation directly on the surface of the agar 

as outlined in section 2.2.5 or that EPA and EEQ do not rescue neurodegeneration of 

glutamatergic neurons. To test the absorption hypothesis, lipid and oxylipin profiles were 

determined by GC/MS and HPLC/MS/MS discussed further in sections 2.5.1 and 2.5.2. 

 It is possible that supplementation with EPA and EEQ leads to increased metabolism in 

the worms, which may result in a relatively constant ratio of epoxide and diol metabolites. If the 

epoxide to diol ratio remains constant, a limited or no recuing effect is expected. To investigate 

the constant epoxide to diol ratio hypothesis, dual supplementations were performed with PUFA 

or PUFA metabolites and AUDA. Treatment with AUDA will inhibit the function of epoxide 
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hydrolase, increasing the epoxy-PUFAs concentrations. An age synchronized population of 

control worms (eat-4::GFP)  were placed on plates with AUDA plus vehicle (ethanol). EPA, or 

EEQ. Age synchronization and maintenance was performed as previously described in sections 

2.2.8. and 2.2.9. Glutamatergic neural health was assayed as previously described in section 

2.3.2. Figure 33 illustrates the results for control worms (eat-4::GFP) supplemented with EPA + 

AUDA and EEQ + AUDA.   

 
Figure 33: Quantified glutamatergic neural health in eat-4::GFP (Control) with 

cotreatment of EPA + ADUA and EEQ + AUDA. 

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

There is no statically significant difference between the control (eat-4::GFP) or worms 

supplemented with AUDA along with either EPA or EEQ. The null result was expected as there 

is not a significant loss in glutamatergic neurons until much later in the lifespan, day 10 and 

later. However, supplementation on the control (eat-4::GFP) at the early time points, days 1, 3, 
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and 5, is necessary for comparisons with the tau worms (eat-4::GFP; aex-3::tau), which have a 

much shorter lifespan.  

 To test if a similar effect is observed in tau worms (eat-4::GFP; aex-3::tau) when AUDA 

plus EPA or EEQ, an age synchronized population of tau worms (eat-4::GFP; aex-3::tau) were 

placed on plates with AUDA along with vehicle control (ethanol), EPA or EEQ. Age 

synchronization and maintenance was performed as previously described in sections 2.2.8. and 

2.2.9. The glutamatergic neural health was assayed as previously described in section 2.3.2. 

Figure 34 shows the quantified results for tau cross supplemented with EPA + AUDA and EEQ 

+ AUDA.  

 
Figure 34: Quantified glutamatergic neural health in eat-4::GFP; aex-3::tau (Tau) with 

cotreatment EPA + ADUA and EEQ + AUDA. 

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

Figure 34 suggests that AUDA along with EPA and EEQ can significantly rescue glutamatergic 

neurons in tau worms (eat-4::GFP; aex-3::tau), although EPA and EEQ alone did not rescue the 

glutamatergic neurons. However, supplementation with AUDA alone does recue the 
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glutamatergic neurons, and AUDA may rescue the neurons to a point that any additive or 

synergistic effects from EPA and EEQ are undetectable. While the additive or synergistic effects 

cannot be ruled out, it is unlikely as EPA and EEQ supplementation alone did not rescue 

glutamatergic neurons. Additionally, Figure 35 illustrates the results of EEQ + AUDA and EPA 

+ AUDA on control (eat-4::GFP) and tau worms (eat-4::GFP; aex-3::tau).  

 
Figure 35: Quantified glutamatergic neural health in eat-4::GFP (Control) and eat-4::GFP; 

aex-3::tau (Tau) with cotreatment of EPA + AUDA and EEQ + AUDA.  

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

Figure 35 illustrates that treating the tau worms (eat-4::GFP; aex-3::tau) with AUDA rescues 

glutamatergic neurons to control (eat-4::GFP) levels. EPA and EEQ seem to have no statistically 

significant effect, and the observed recovery is largely due to epoxide hydrolase inhibition with 

AUDA.  

To investigate if AUDA was responsible for rescuing glutamatergic neuron health in the 

tau worms (eat-4::GFP; aex-3::tau) treated with EPA + AUDA and EEQ + AUDA, each tau 
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worm group (eat-4::GFP; aex-3::tau) treated with AUDA were compared to each other and to 

the tau vehicle control (ethanol only). Figure 36 illustrates the result of this comparison.  

 
Figure 36: Quantified glutamatergic neural health in eat-4::GFP; aex-3::tau (Tau) treated 

with AUDA, EPA + AUDA, and EEQ + AUDA.  

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

Figure 36 shows statistical differences between the control groups (ethanol) and each treatment 

group in which AUDA was included. Comparisons between AUDA, EPA + AUDA, and EEQ + 

AUDA show no significant difference suggesting that AUDA alone is likely responsible for the 

observed rescued glutamatergic neurons. Furthermore, Figure 32 shows that EPA and EEQ alone 

do not significantly rescue glutamatergic neurons. Therefore, the most likely explanation is that 

AUDA is responsible for the observed effect, and EPA and EEQ are not contributing or weakly 

contributing. 
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2.3.5. Glutamatergic neuron assay with ferroptosis inhibitor, LIP-1, treatment  

To investigate if ferroptosis is involved in the observed glutamatergic cell death, worms 

were supplemented with known ferroptosis inhibitor, liproxstatin-1 (LIP-1)35. The structure of 

liproxstatin-1 is shown in Figure 37.  

 
Figure 37: Structure of liproxstatin-1 (LIP-1). 

Separate L4 age synchronized populations of control (eat-4::GFP) and tau worms (eat-4::GFP; 

aex-3::tau) were moved to 12 total plates supplemented with LIP-1, 3 populations of control 

(eat-4::GFP) with supplement (LIP-1) and vehicle (ethanol) and 3 populations of tau (eat-

4::GFP; aex-3::tau) with supplement (LIP-1) and vehicle (ethanol). Sufficient LIP-1 was 

dissolved in ethanol to produce a final concentration of 250 μM LIP-1 solution. Standard NGM 

plates were prepared as described in section 2.2.1. Then, 10 μL of 250 μΜ LIP-1 solution was 

added to each supplementation plate. The plate was then quickly seeded with OP50 to avoid any 

oxidation from air exposure. Refer to section 2.2.5 for more information on supplementation on 

the surface of the plate. An age synchronized population of each strain was maintained by 

filtration as described in section 2.2.8. and 2.2.9. Each population was assayed for glutamatergic 

neural health as previously described in section 2.3.1. Figure 38 shows the results for control 

supplementation with LIP-1.  
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Figure 38: Quantified glutamatergic neural health in eat-4::GFP (Control) treated with 

LIP-1. 

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

Figure 38 shows no significant difference with LIP-1 treatment, which is expected because 

ferroptosis is not a significant cell death mechanism until later in life or under increased iron 

conditions in wild-type animals. Therefore, treatment with LIP-1 does not affect the 

glutamatergic neurons in the control (eat-4::GFP) and serve as a control for any observed effects 

in the tau worms (eat-4::GFP; aex-3::tau) 

 To investigate if ferroptosis is involved in the glutamatergic cell death observed in our 

tau model, a synchronized population of tau expressing worms were placed on plates with 10 μL 

of 250 μM LIP-1. An age synchronized population of supplemented worms were maintained by 

filtration. A glutamatergic neuron health was assayed as previously described in section 2.3.1. 

Figure 39 illustrates the results of LIP-1 treatment in the tau worms (eat-4::GFP; aex-3::tau). 
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Figure 39: Quantified glutamatergic neural health in eat-4::GFP; aex-3::tau (Tau) treated 

with LIP-1. 

Three trials of 20 worms each were performed for each strain at each time point. The % healthy 

worms for each time point is the average of the triplicate. Error bars are standard error (SEM). 

Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to 

analyze the statistical significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 

0.0001).  

 

Figure 39 shows that there is not a significant difference between tau (eat-4::GFP; aex-3::tau)  

treated with ethanol and tau treated with LIP-1. Therefore, ferroptosis is not likely the main 

cause of neuronal cell death and suggests another mechanism of cell death, such as glutamate 

excitotoxicity, must be responsible for the observed effect of neurodegeneration in our tau (eat-

4::GFP; aex-3::tau) model.  

2.4. Assessing fitness using the thrashing assay 

2.4.1. Establishing the thrashing model in wildtype 

 The C. elegans thrashing assay assesses the swimming ability of the worms, providing an 

assessment of the fitness of the worms. To perform the thrashing assay, 20 age synchronized 

worms of a desired age were transferred by pick to 10 μL of s-basal on a NGM plate. The worms 

were allotted 15 seconds to swim removing any bacteria on the cuticle. After 15 seconds, the 
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movement of the worm was recorded for 30 seconds using a camera. The videos were analyzed 

and scored for the number of “thrashes” each worm performed in the 30 second video. Thrashing 

was scored as described in section 2.2.11. and illustrated in Figure 13. 

 To investigate and establish the thrashing phenotype, several aging studies were 

performed. Age synchronized populations of N2 (wildtype) worms were generated as outlined in 

section 2.2.8. The age synchronized population was maintained by filtration as outlined in 

section 2.2.9. Twenty worms were assayed for thrashing at specific timepoints throughout their 

lifespan at days 1, 4, 8, 12, and 16. The result is illustrated in Figure 40. 

 
Figure 40: Quantified thrashing of N2 during the aging process. 

Three trials of 20 worms each were performed for each strain at each time point. The average 

thrashing of the triplicate is reported. Error bars are standard error (SEM). A one-way analysis of 

variance (ANOVA) was used to analyze the statistical significance of this result (*P< 0.05, **P< 

0.01, ***P< 0.001, ****P< 0.0001). 

 



 

 
72 

Figure 40 shows statistically significant differences between all aging worm groups when 

compared to the younger timepoints. The aging process causes the worms to thrash significantly 

less and therefore, decreased thrashing is a normal and expected part of the aging process that 

must be considered when interpreting thrashing assay results. To conclude that there any other 

factors causing decreased thrashing, the decrease in thrashing must be significantly greater than 

the normal aging effect.  

2.4.2. Transgenic humanized C. elegans thrashing assay  

 To further investigate the affects that human tau has in the C. elegans animal model, 

thrashing assays were performed on the control (eat-4::GFP) and tau worms (eat-4::GFP; aex-

3::tau). To investigate any fitness effects tauopathy may cause, plates were prepared with 

ethanol supplementation on the surface of the agar before seeding the plate with bacteria. 

Treatment with ethanol serves as a vehicle control because PUFA and PUFA metabolites are 

dissolved in ethanol. An age synchronized population of control (eat-4::GFP) and tau worms 

(eat-4::GFP; aex-3::tau) were prepared as described in sections 2.2.8. Three separate age 

synchronized populations of L4 control worms (eat-4::GFP) and tau worms (eat-4::GFP; aex-

3::tau) were placed on separate ethanol supplemented plates. The age synchronized population 

was maintained by filtration as previously described in section 2.2.9. The worms were scored for 

thrashing on days 1, 3, and 5 of their lifespans. After day 5, tau (eat-4::GFP; aex-3::tau) 

populations are nearly all dead, which makes it difficult to assay at later timepoints. Figure 41 

illustrates the results of thrashing for control (eat-4::GFP) and tau worms (eat-4::GFP; aex-

3::tau).   
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Figure 41: Quantified thrashing of eat-4::GFP (Control) and eat-4::GFP; aex-3:tau (Tau). 

Three trials of 20 worms each were performed for each strain at each time point, and the average 

thrashing of the triplicate was reported. Error bars are standard error (SEM). Two-way analysis 

of variance (ANOVA) and Tukey’s multiple comparison test was used to analyze the statistical 

significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).  

 

Figure 41 illustrates significant differences in thrashing between the tau worms (eat-4::GFP; 

aex-3::tau) and the control worms (eat-4:GFP) starting at day 3 and continuing in day 5. As 

previously mentioned, the assays become extremely difficult to perform beyond day 5 for the tau 

strain (eat-4::GFP; aex-3::tau) because the population size has dwindled significantly to ~10% 

of the starting population. Additionally, if the assays were performed with a population older 

than day 5, the results may vary because the healthier worms that live longer than average are 

selectively assayed. Figure 41 suggests that thrashing can be used to investigate the differences 

in fitness between control (eat-4::GFP) and tau (eat-4::GFP; aex-3::tau) worms throughout the 

lifespan. Therefore, it is feasible to track supplementation effects on fitness of the worms through 

thrashing 

2.4.3. Thrashing assay with epoxide hydrolase inhibitor, AUDA, treatment  

 To investigate the role of epoxide hydrolase activity in thrashing quantity, worms were 

treated with AUDA supplementation to inhibit epoxide hydrolase. To prepare AUDA 
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supplemented plates, sufficient AUDA was dissolved in ethanol and was added to a 55°C NGM 

solution after autoclave to a final concentration of 100 μM. First, it was established that AUDA 

supplementation does not have a significant effect on thrashing of the control worms (eat-

4::GFP). Figure 42 illustrates the result of supplementing the control worms (eat-4::GFP) with 

AUDA.  

 
Figure 42: Quantified thrashing of eat-4::GFP (Control) supplemented with AUDA. 

Three trials of 20 worms each were performed for each strain at each time point, and the average 

thrashing of the triplicate was reported. Error bars are standard error (SEM). Two-way analysis 

of variance (ANOVA) and Tukey’s multiple comparison test was used to analyze the statistical 

significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).  

 

Figure 42 illustrates that AUDA has no significant effect on thrashing in control worms (eat-

4::GFP). Therefore, supplementation with AUDA in the tau (eat-4::GFP; aex-3::tau) and 

control worms (eat-4::GFP) can be compared to assess the role of epoxide hydrolase inhibition 

in fitness of the worms.  

To investigate if AUDA-mediated inhibition of epoxide hydrolase can affect thrashing in 

tau worms (eat-4::GFP; aex-3::tau), an age synchronized population of control (eat-4::GFP) 
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and tau worms (eat-4::GFP; aex-3::tau) were prepared as described in section 2.2.8. Age 

synchronized populations of L4 control (eat-4::GFP) and tau (eat-4::GFP; aex-3::tau) were 

placed on AUDA supplemented plates and ethanol (vehicle) supplemented plates. The age 

synchronized populations were maintained by filtration as described in section 2.2.9. The worms 

were scored for thrashing on days 1, 3, and 5 of the lifespan. Figure 43 illustrates the effects of 

AUDA supplementation on thrashing.  

 
Figure 43: Quantified thrashing of eat-4::GFP (Control) and eat-4::GFP; aex-3::tau (Tau) 

supplemented with AUDA. 

Three trials of 20 worms each were performed for each strain at each time point, and the average 

thrashing of the triplicate was reported. Error bars are standard error (SEM). Two-way analysis 

of variance (ANOVA) and Tukey’s multiple comparison test was used to analyze the statistical 

significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).  

 

Figure 43 shows that there is no significant difference between the control (eat-4::GFP) and tau 

worms (eat-4::GFP; aex-3::tau) supplemented with AUDA. Additionally, Figure 43 illustrates 

that thrashing in tau worms (eat-4::GFP; aex-3::tau) can be rescued with AUDA treatment. 

Therefore, epoxide hydrolase activity and PUFA metabolite concentration play a significant role 

in the healthspan of the worms as observed by the thrashing phenotype.  
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2.4.4. Thrashing assay with ω-3 fatty acid and ω-3 fatty acid metabolite supplements 

 To investigate if the observed fitness recovery was caused by an increase in specific ω-3 

fatty acids or ω-3 epoxide metabolites, both the control (eat-4::GFP) and tau worms (eat-

4::GFP; aex-3::tau) were supplemented with EPA and EEQ. L4 age synchronized populations 

were prepared and placed on NGM plates supplemented with EPA or EEQ. Age synchronized 

populations were prepared and maintained as previously described in sections 2.2.8 and 2.2.9. 

Each population was assayed for thrashing at days 1, 3, and 5. The result of the control worms 

(eat-4::GFP) supplemented with EPA and EEQ is illustrated in Figure 44.  

 
Figure 44: Quantified thrashing of eat-4::GFP (Control) supplemented with EPA and 

EEQ. 

Three trials of 20 worms each were performed for each strain at each time point, and the average 

thrashing of the triplicate was reported. Error bars are standard error (SEM). Two-way analysis 

of variance (ANOVA) and Tukey’s multiple comparison test was used to analyze the statistical 

significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).  

 

Figure 44 suggests that EPA and EEQ supplementation on control worms (eat-4::GFP) did not 

significantly affect worm fitness as observed in thrashing. The result is anticipated as the control 

worms (eat-4::GFP) exhibit no detectable defects in thrashing at day 5 of the lifespan. However, 
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it is necessary to assess thrashing in the control worms (eat-4::GFP) at the early timepoints to 

serve as a control for compare with the tau worms (eat-4::GFP; aex-3::tau). 

To investigate if the ω-3 PUFAs and ω-3 PUFA metabolites affect the thrashing 

phenotype in the tau worms (eat-4::GFP; aex-3::tau), an age synchronized population of the tau 

worms (eat-4::GFP; aex-3::tau) were supplemented with EPA and EEQ. The age synchronized 

population was maintained by filtration as previously described in section 2.2.8 and 2.2.9. The 

worms were assayed for thrashing on days 1, 3, and 5.  The results of supplementing the tau (eat-

4::GFP; aex-3::tau) with EPA and EEQ are shown in Figure 45. 

 
Figure 45: Quantified thrashing of eat-4::GFP; aex-3::tau (Tau) supplemented with EPA 

and EEQ. 

Three trials of 20 worms each were performed for each strain at each time point, and the average 

thrashing of the triplicate was reported. Error bars are standard error (SEM). Two-way analysis 

of variance (ANOVA) and Tukey’s multiple comparison test was used to analyze the statistical 

significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).  

 

Figure 45 suggests that EPA and EEQ supplementation in the tau worms (eat-4::GFP; aex-

3::tau) did not significantly affect worm fitness as observed in thrashing. The result may be 

explained by limited absorption of EPA and EEQ through the cuticle of the worm. Therefore, 
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EPA and EEQ concentrations in the worm are investigated and discussed in sections 2.5.1 and 

2.5.2. 

 It is possible that supplementation with EPA and EEQ leads to increased metabolism in 

the worms, which may result in a relatively constant ratio of epoxide and diol metabolites. If the 

ratio remains constant, the null result is expected because of the suspected rescuing effect of 

EEQ, as shown by AUDA rescuing thrashing, and the detrimental effect of the diol. To 

investigate the constant epoxide to diol ratio hypothesis, cotreatments were performed with 

PUFA or PUFA metabolites and AUDA. Treatment with AUDA will inhibit the function of 

epoxide hydrolase leading to an increase in the epoxy PUFAs concentrations. An age 

synchronized population of control (eat-4::GFP) and tau worms (eat-4::GFP; aex-3::tau) were 

supplemented with vehicle control (ethanol), EPA + AUDA, or EEQ + AUDA. Age 

synchronized populations were prepared and maintained as previously described. Figure 46 

shows the quantified results for control worms supplemented with EPA + AUDA and EEQ + 

AUDA.   
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Figure 46: Quantified thrashing of eat-4::GFP (control) and eat-4::GFP; aex-3::tau (Tau) 

supplemented with EPA/AUDA and EEQ/AUDA. 

Three trials of 20 worms each were performed for each strain at each time point, and the average 

thrashing of the triplicate was reported. Error bars are standard error (SEM). Two-way analysis 

of variance (ANOVA) and Tukey’s multiple comparison test was used to analyze the statistical 

significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).  

 

Figure 46 shows that there is no significant difference in control worms (eat-4::GFP) when 

cotreated with EPA+AUDA and EEQ+AUDA, which is consistent with Figure 42 and Figure 44 

as both represent no change when control worms (eat-4::GFP) are treated with EPA, EEQ, or 

AUDA alone. Additionally, Figure 46 illustrates significant rescuing of thrashing in tau worms 

(eat-4::GFP; aex-3::tau) when treated with EPA + AUDA or EEQ + AUDA. However, Figure 

45 shows that supplementing the tau worms (eat-4::GFP; aex-3::tau) with EPA or EEQ only 

does not significantly rescue thrashing. Taken together, it is likely that AUDA alone is 

responsible for the increased thrashing. Therefore, AUDA can rescue physical fitness, as 

measured by thrashing, but EPA or EEQ alone cannot.  
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2.5. Assessing lipid and lipid metabolite profiles using mass spectrometry  

2.5.1. Lipidomic profiling using GC/MS 

To confirm that treatment with PUFA fatty acids on the surface of the agar leads to an 

increase in PUFA levels in the worms, lipidomic analysis using a GC/MS method was 

performed. To investigate the PUFA levels for GC/MS, approximately 3-5 mg of whole worm 

lysates were collected. Sufficiently large populations of both control (eat-4::GFP) and tau 

worms (eat-4::GFP; aex-3::tau) were prepared using approximately seven plates per strain and 

supplementation pair. Six total conditions were prepared for lipidomic analysis namely, control 

(eat-4::GFP) and tau worms (eat-4::GFP; aex-3::tau) with ethanol control, EPA, or, DGLA. 

The populations were treated with 10 μL of ethanol, 100 μM EPA, or 100 μM DGLA. DGLA 

concentrations have been linked to ferroptosis and are quantified to further investigate if 

ferroptosis is involved in the neuronal cell death in glutamatergic neurons36. Refer to sections 

2.2.12, 2.2.13, 2.2.15, 2.2.16, and 2.2.18 for more details on the lipidomic preparation and 

GC/MS injection method. Figure 47 shows the results of DGLA quantification for each 

population.  
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Figure 47: Quantification of DGLA in eat-4::GFP (Control) and eat-4::GFP; aex-3::tau 

(Tau) using GC/MS. 

Three trials of whole worm lysates greater than 3 mg were used for each condition, and the 

average concentration for each triplicate is reported. Error bars are standard error (SEM). Two-

way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to analyze 

the statistical significance of this result (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001). 

 

Figure 47 illustrates that supplementation with both EPA and DGLA significantly increases the 

concentration of DGLA in the worm samples. The increase in DGLA after supplementation with 

EPA can be explained by the extensive PUFA synthesis and metabolism biological machinery 

that C. elegans possess. The worms can convert between all PUFAs. Additionally, in C. elegans, 

EPA is the end of the PUFA synthetic pathway and therefore, additional supplementation forces 

the worms to maintain homeostasis by possibly converting EPA to DGLA. Figure 48 illustrates 

the results of EPA quantification for each population.  
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Figure 48: Quantification of EPA in eat-4::GFP (Control) and eat-4::GFP; aex-3::tau (Tau) 

using GC/MS. 

Three trials of whole worm lysates greater than 3 mg were used for each condition, and the 

average concentration for each triplicate is reported. Error bars are standard error (SEM). Two-

way analysis of variance (ANOVA) and Tukey’s multiple comparison test was used to analyze 

the statistical significance of this result (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001). 

 

Figure 48 illustrated a significant increase in the EPA concentration for each population 

supplemented with EPA. Therefore, EPA supplementation on the plates leads to a detectable and 

significant increase in the EPA levels in the worms, validating that PUFA supplementation leads 

to an increase of PUFA concentration in the worm. 

2.5.2. Oxylipin profile using HPLC/MS/MS 

To confirm that treatment with ep-PUFAs, such as EEQ, on the surface of the agar plates 

leads to an increase in the EEQ and their metabolite levels in the worms, oxylipin analysis using 

a HPLC/MS/MS method was used. To investigate the oxylipin profile of the worms, 

approximately 5 mg of whole worm lysates must be collected for each strain and supplement 

pair. Sufficiently large populations of both control (eat-4::GFP) and tau worms (eat-4::GFP; 

aex-3::tau) were prepared using approximately 7 plates per trial for each group. Four total 
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conditions were prepared for oxylipin analysis namely, control (eat-4::GFP) and tau worms (eat-

4::GFP; aex-3::tau) with ethanol and EEQ. Each plate for every population was treated with 10 

μL of ethanol or 10 μL of 100 μM EEQ.  Refer to sections 2.2.12, 2.2.13, 2.2.14, and 2.2.17 for 

more details on oxylipin preparation and HPLC/MS/MS injection. Figure 49 illustrates the 

results for all detectable EPA metabolites.

 

Figure 49: Oxylipin quantification of EPA diol and epoxide metabolites. 

Each reported value is the average of three independent populations of whole worm lysate that 

were 5 mg or greater for each condition. 

 

Figure 49 illustrates significant increases for two specific EEQ regioisomers namely, 14,15 EEQ 

and 17,18 EEQ, when treated with EEQ supplement. Additionally, DiHETE, the product of EEQ 

metabolism by epoxide hydrolase, is significantly increased for the same regioisomeric positions, 
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14,15-DiHETE and 17,18-DiHETE. Therefore, the method of EEQ supplementation does lead to 

increased levels of EEQ and EEQ metabolites in the worms. However, it is not consistent across 

all regioisomers as there is no such increase for the 8,9- and 11,12-regioisomers for either the 

epoxide or diol derivative. Lastly, it is important to note that the 5,6-regioisomer is not reported 

because the 5,6-epoxide is susceptible to intramolecular lactonization. To further assess the EEQ 

increase through supplementation, the 14,15- and 17,18-regioisomers were compared directly 

and reported in Figure 50.  

  

Figure 50: Direct comparison of 14,15-EEQ and 17,18-EEQ concentrations in each 

treatment group.  

Each value is reported as an average of three independent populations of whole worm lysates. 

The average concentration for each group is reported for each triplicate. Error bars are standard 

error (SEM). Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test 

was used to analyze the statistical significance of this result (*P< 0.05, **P< 0.01, ***P< 0.001, 

****P< 0.0001). 

 

Figure 50 illustrates a statistically significant increase in the 14,15- and 17,18-EEQ regioisomers 

suggesting that the supplementation method increases the EEQ levels in the worms. However, as 

previously mentioned, the observed increase is not consistent in all EEQ regioisomers. 

Additionally, the 17,18-EEQ regioisomer is significantly increased in the tau worms (eat-

4::GFP; aex-3::tau) supplemented with EEQ when compared to control worms (eat-4::GFP) 
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with the same supplementation, suggesting that the tau worms may have altered EEQ 

metabolism. To further assess the effects of EEQ supplementation on the oxylipin profile, the 

14,15- and 17,18-DiHETE metabolite of EEQ were directly compared and reported in Figure 51.  

  

Figure 51: Direct comparison of 14,15-DiHETE and 17,18-DiHETE concentrations in each 

treatment group.  

Each value is reported as an average of three independent populations of whole worm lysates. 

The average concentration for each group is reported for each triplicate. Error bars are standard 

error (SEM). Two-way analysis of variance (ANOVA) and Tukey’s multiple comparison test 

was used to analyze the statistical significance of this result (*P< 0.05, **P< 0.01, ***P< 0.001, 

****P< 0.0001). 

 

Figure 51 illustrates a significant increase of 14,15- and 17,18-DiHETE in the tau worms (eat-

4::GFP; aex-3:tau) treated with EEQ. There are minor increases observed in the control strain 

(eat-4::GFP) supplemented with EEQ, but the difference is not statistically significant. 

Therefore, Figure 51 suggests that the tau worms (eat-4::GFP; aex-3::tau) have increased 

epoxide hydrolase function, through increased activity or expression, as the DiHETE metabolite 

of EEQ is dramatically increased when supplemented with EEQ. Additionally, comparing 

control (eat-4:GFP) to the tau worms (eat-4::GFP; aex-3::tau) treated with vehicle show a 

minor and not statistically significant increase in both 14,15-DiHETE and 17-18-DiHETE, 
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further suggesting increased epoxide hydrolase function, through increased activity or 

expression, is specific to the tau worms (eat-4::GFP; aex-3::tau).  

2.6. Discussion of the eat-4::GFP model 

2.6.1. Neurological effects 

 Figure 27 illustrates that the tau worms (eat-4::GFP; aex-3::tau) exhibit significant 

neurodegeneration in glutamatergic neurons compared to control worms (eat-4::GFP) as 

quantified by the number of distinct somas. The specific neurodegeneration of glutamatergic 

neurons in the tau worms (eat-4::GFP; aex-3::tau) has not been previously reported and mimics 

neurodegeneration observed in AD patients. Additionally, our lab has shown that the 

neurodegeneration is not observed in all sensory neurons, as dopaminergic neurons in the dat-

1::GFP; aex-3::tau strain exhibit no quantifiable neurodegeneration37. Therefore, the observed 

neurodegeneration due to tauopathy in the eat-4::GFP; aex-3::tau worms is specific to the 

glutamatergic neurons and not a result of global neurodegeneration of all neuron types. The 

observed neurodegeneration of glutamatergic neurons in tau worms (eat-4::GFP; aex-3::tau) 

establishes a useful model to investigate the mechanism of tauopathy in AD.  

Inhibition of EH in AD animal models have shown significant cognitive improvement 

with no clear mechanism38
. To begin investigating the mechanism, the tau worms (eat-4::GFP; 

aex-3) were treated with known CEEH inhibitor, AUDA. It was found that AUDA treatment 

rescued neurodegeneration in the tau worms (eat-4::GFP; aex-3::tau) as shown in Figure 29. 

The EH inhibition-induced rescuing effect of the tau (eat-4::GFP; aex-3::tau) AD model mimics 

similar EH inhibition rescuing effects observed in mammalian AD models. However, the 

mechanism of AUDA rescue and potential lipid mediators responsible for the positive effect 

must still be identified. The rescued glutamatergic neurons in AUDA treated tau worms (eat-
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4::GFP; aex-3::tau) may be explained by an increase in epoxy-PUFA metabolites and/or a 

decrease in the 1,2 diol metabolites. To investigate whether the epoxy-PUFA metabolites are 

responsible for the positive effects, the tau worms (eat-4::GFP; aex-3::tau) were treated with 

EPA and EEQ. EPA and its epoxide metabolite, EEQ, were chosen because EPA is found in the 

highest concentration of all PUFAs in C. elegans, and it is an ω-3 PUFA, which may have 

neuroprotective effects. Treatment of both the control (eat-4::GFP) and tau worms (eat-4::GFP; 

aex-3::tau) with EPA and EEQ lead to no significant neurodegeneration as observed in Figures 

24, 25, and 26. One possible explanation for the null result may be because EPA and EEQ are 

not significantly absorbed through the cuticle of the worm. To investigate the limited absorption 

hypothesis, the oxylipin and lipidomic profile of worms supplemented with and without EPA and 

EEQ were quantified by HPLC/MS/MS and GC/MS, respectively. Figure 44 illustrates that 

specific regioisomers, 14,15-EEQ and 17-18-EEQ, are found in much higher concentrations in 

both control (eat-4:GFP) and tau worms (eat-4::GFP; aex-3::tau) when supplemented with 

EEQ. Therefore, the increased concentration of specific EEQ regioisomers suggest that EEQ is 

absorbed into the worm, which suggests that the limited rescuing effect of EEQ is not due to an 

absorption issue. Additionally, Figure 48 illustrates that EPA is found in significantly higher 

concentrations when both control (eat-4::GFP) and tau worms (eat-4::GFP; aex-3::tau) were 

treated with EPA. Therefore, the supplementation method as described in sections 2.2.5 lead to 

an increase in EPA and EEQ concentrations in the worms, and therefore, the confounding factor 

of cuticle absorption can be ruled out. However, EPA and EEQ supplementation do not 

significantly rescue glutamatergic neurons from tauopathy-induced neurodegeneration. It is 

possible that EPA and EEQ alone are not sufficient for recuing neurodegeneration. AUDA 
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inhibits CEEH function, and EEQ is not the only substrate of CEEH. Therefore, AUDA may 

rescue neurodegeneration through another ep-PUFA mediator or through off target effects. 

 To further investigate the role of EPA and EEQ on glutamatergic neuronal health, control 

(eat-4::GFP) and tau worms (eat-4::GFP; aex-3::tau) were supplemented with EPA + AUDA 

and EEQ + AUDA. Figure 36 illustrates that EPA + AUDA and EEQ + AUDA rescues 

glutamatergic neurons from neurodegeneration. However, Figure 32 shows EPA and EEQ alone 

does not recue the glutamatergic neurons. Therefore, it is possible that EPA and EEQ do not 

significantly rescue glutamatergic neurons from degeneration. However, AUDA may reach a 

maximum effect that prevents the detection of any synergistic effects from EPA and EEQ 

supplementation. It is possible that EPA and EEQ contribute to rescuing neurodegeneration in a 

small way that is undetectable when cotreated with AUDA. 

 To further investigate PUFA effects on glutamatergic neurons, control (eat-4::GFP) and 

tau worms (eat-4::GFP; aex-3::tau) worms were treated with a known ferroptosis inhibitor, LIP-

1.  Ferroptosis is a potential cell death mechanism responsible for neurodegeneration in AD 

patients39. The primary evidence for the ferroptosis hypothesis is that iron accumulates in NFTs, 

and the accumulation has been linked to cognitive decline39,40. Additionally, AUDA treatment 

significantly alters the PUFA metabolism profile, and therefore, may indirectly prevent lipid 

peroxidation, which is associated with ferroptosis. Therefore, treatment with LIP-1 provides a 

way to assess a potential mechanism of AUDA rescuing neurodegeneration. Figure 39 illustrates 

that LIP-1 treatment does not rescue tau worms (eat-4::GFP; aex-3::tau) from glutamatergic 

neurodegeneration. Therefore, ferroptosis is not the primary cell death mechanism observed in 

the tau (eat-4::GFP; aex-3::tau) AD model. Additionally, the null result of LIP-1 treatment 

suggests that AUDA recue of neurodegeneration is functioning through another mechanism, 



 

 
89 

possibly glutamate excitotoxicity. Glutamate excitotoxicity may be prevented by AUDA 

supplementation because it has been shown that an increase in ep-PUFA metabolites inhibit the 

NMDA receptor activity, which is closely linked in glutamate excitotoxicity41. However, to 

unambiguously determine the cell death mechanism for glutamatergic neurodegeneration, further 

experiments must be performed.  

 In conclusion, genetic insertion of the human tau protein causes significant 

neurodegeneration as quantified by distinct somas present in the worms. Therefore, the tau 

model (eat-4::GFP; aex-3::tau) provides a useful model to investigate the cell death mechanism 

associated with tauopathy. Additionally, neurodegeneration can be rescued by supplementation 

with AUDA. However, the mechanism of the rescuing effect remains elusive. Treatment with the 

ferroptosis inhibitor, LIP-1, did not recue the glutamatergic neurons from degeneration, which 

suggests that ferroptosis is not the primary cell death mechanism during the assessed time points. 

Additionally, treatment with EEQ and EPA did not recue the glutamatergic neurons. Therefore, it 

is unlikely that any of the EEQ lipid mediators are responsible for the recuing effect. However, 

AUDA inhibits CEEH entirely, and EEQ is not the only substrate of CEEH. Therefore, another 

lipid mediator derived from another parent PUFA may be responsible for the neuroprotection. 

Additionally, it is possible that AUDA protects against another cell death mechanism entirely, 

such as glutamate excitotoxicity. The increased ep-PUFA concentration from AUDA treatment 

may inhibit NMDA receptor activity, preventing glutamate excitotoxicity41. Nevertheless, further 

investigation is necessary to determine the lipid mediators and cell death mechanism(s) involved 

in the glutamatergic neurodegeneration.  
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2.6.2. Physical fitness effects  

 Figure 41 illustrates that at day 3 and later, tau worms (eat-4::GFP; aex-3::tau) exhibit 

significant fitness defects as quantified by thrashing. Therefore, tauopathy may be involved in 

the fitness defects, suggesting that tauopathy does not only affect sensory neurons as previously 

discussed. To begin investigating the mechanism responsible for fitness defects, the tau worms 

(eat-4::GFP; aex-3::tau) were supplemented with AUDA. Figure 43 illustrates that AUDA 

supplementation rescues the worms from the fitness defects, observed by increased thrashing. 

Figure 42 shows that supplementing the control strain with 100 μM of AUDA results in no overt 

toxic effects because the control worms (eat-4::GFP) are similarly fit with and without AUDA 

treatment. The rescued fitness as observed by thrashing in tau worms (eat-4::GFP; aex-3::tau) 

supplemented with AUDA may be explained by neuroprotection of motor neurons.  However, 

the health of motor neurons was not investigated, and therefore we cannot conclude that this 

rescue in fitness is due to neuroprotection.  

To investigate the mechanism leading to rescued fitness of the tau worms (eat-4::GFP; 

aex-3::tau), the tau worms (eat-4::GFP; aex-3::tau) were supplemented with EPA and EEQ. If 

one or multiple EEQ regioisomers are the lipid mediators responsible for the neuroprotection, 

EEQ treatment will rescue the tau worms (eat-4::GFP; aex-3::tau) from the fitness defects 

observed in thrashing. Treatment of both the control (eat-4::GFP) and tau worms (eat-4::GFP; 

aex-3::tau) with EPA and EEQ yielded no significant protection from the fitness defects caused 

by tauopathy as observed in Figures 38 and 39. Therefore, the five EEQ regioisomers are likely 

not the lipid mediators involved in the suggested neuroprotection. However, it is possible that 

another epoxy-PUFA is the lipid mediator responsible for the proposed neuroprotection. 

Additionally, the concentrations of EEQ and EPA that pass the cuticle was detected by GC/MS 
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and HPLC/MS/MS, which eliminates any absorption issues. Further investigation is required to 

determine which lipid mediator(s) are responsible for the increased fitness. 

 To further investigate the mechanism of AUDA protection from fitness defects, control 

(eat-4::GFP) and tau worms (eat-4::GFP; aex-3::tau) were supplemented with EPA + AUDA 

and EEQ + AUDA. Figure 46 illustrates significant rescuing in fitness as observed by thrashing 

of tau worms (eat-4::GFP; aex-3::tau) when cotreated with EPA + AUDA, and EEQ + AUDA 

supplementation. However, EPA and EEQ alone did not rescue fitness alone as shown in Figure 

45. Therefore, AUDA is likely responsible for the protection from fitness defects as EPA and 

EEQ alone did not rescue any of the defects. However, it is possible that AUDA protection 

reaches a maximum that prevents the detection of any synergistic of additive effects of EPA or 

EEQ.  

 In conclusion, genetic insertion of the human tau protein causes fitness defects as 

observed by thrashing. Additionally, the defects can be rescued by supplementation with AUDA. 

The mechanism of recovery may be neuroprotection of motor neurons. It is possible that specific 

lipid mediators, but not the five tested EEQ regioisomers, are regulated by AUDA treatment, and 

these mediators contribute to neuroprotection of motor neurons. However, motor neuron health 

was not assayed in this work, and therefore, we cannot conclude that this rescue in fitness is due 

to neuroprotection. 

2.6.3. Experimental limitations  

 One significant limitation of the tau model (eat-4::GFP; aex-3::tau) is that this model 

investigates the effects of human tau alone. The current literature investigating AD suggests that 

tau and Aβ function synergistic in neurodegeneration42. The model proposed in this work can 

only assess the role of tau and tauopathy in neurodegeneration. To build upon the tau model (eat-
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4::GFP; aex-3::tau), we can generate a new strain that expresses both human tau and Aβ to 

determine if the effects of tauopathy are exacerbated by the presence of Aβ. Furthermore, there is 

an inherent limitation in the glutamatergic neuronal GFP assay as only five specific 

glutamatergic neurons are tagged with the EAT-4 GFP. The limited number of neuron somas is 

both an advantage and a disadvantage. The limited number allows for easier distinct between 

somas and overlapped axons and dendrites. However, C. elegans contain 78 known 

glutamatergic neurons17
. Therefore, the current tau model (eat-4::GFP; aex-3::tau) discussed in 

this work are only a small representation of all glutamatergic neurons in C. elegans. Therefore, 

conclusions of neurodegeneration in the glutamatergic system needs further support in AD 

models that tag more neurons of the system.   

2.6.4. Future directions 

 The mechanism of glutamatergic neurodegeneration observed in this worked has yet to be 

elucidated. Ferroptosis is not likely the major cell death mechanism during the observed time 

points, as treatment of tau worms (eat-4::GFP; aex-3::tau) with ferroptosis inhibitor, LIP-1, did 

not protect the glutamatergic neurons from degeneration. However, AUDA treatment did recue 

the tau worms (eat4::GFP; aex-3::tau) worms from neurodegeneration. Therefore, AUDA is 

directly or indirectly preventing another form of cell death. Besides ferroptosis, the current AD 

literature suggests that glutamate excitotoxicity may be involved in AD related 

neurodegeneration, specially through overactivation of the NMDA glutamate receptor43. C. 

elegans contain several glutamate receptors, but only two of the NMDA family, NMR-1 and 

NMR-244. Genetic knockouts of the two C. elegans NMDA glutamate receptors, NMR-1 and 

NMR-2, are available. To further investigate the cell death mechanism responsible for 

glutamatergic neurodegeneration, new strains crossing the tau model (eat-4::GFP; aex-3::tau) 
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with each glutamate NMDA receptor, NMR-1 and NMR-2, will be generated. The new strains 

containing tau and the genetic mutation preventing NMDA receptor will be assayed for 

glutamatergic neuron function using the GFP assay previously described. If neurodegeneration is 

not observed when NMR-1 and/or NMR-2 is not present, glutamate excitotoxicity would be 

suggested as the most likely cell death mechanism of neurodegeneration. However, without 

further investigation, glutamate excitotoxicity can only be hypothesized as the major cell death 

mechanism in glutamatergic neurodegeneration.  
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CHAPTER THREE: 

INVESTIGATION OF TAU FEEDING MODEL IN C. ELEGANS 

 

3. TAU FEEDING MODEL 

3.1. Introduction of PIMAX model  

3.1.1. Using PIMAX to produce tau and hyperphosphorylated tau in E. coli 

 Many pathogenic proteins are underrepresented in proteomics and biochemical studies 

because of the difficulty of their production in E. coli. The underrepresented proteins may 

undergo posttranslational modifications vial to their function both pathologically and 

physiologically1. One such protein of particular interest to this thesis is the tau protein and its 

posttranslational phosphorylation that is closely linked to AD pathology2. Efficient production of 

the protein with the posttranslational modification requires a well-defined “facilitator” such as 

the protein responsible for the modification and the natural physiological partner within a well-

studied dimeric complex1. The Kuo lab developed a method, protein interaction module-assisted 

function X (PIMAX) to address and overcome the obstacles of generating specific 

posttranslational modified proteins in E. coli1.  

  PIMAX functions by inserting two proteins of interest on a pair of well-studied protein-

protein interaction modules1. The protein-protein interaction brings the two proteins of interest 

into proximity of one another. The proximity facilitates efficient modification of the 

physiological partner by the modification protein. The PIMAX model was used to generate 

hyperphosphorylated tau in E. coli. The model takes advantage of the specific heterodimerization 

of the proteins Jun and Fos. The researchers then modified Fos by inserting GSK-3β, glycogen 

synthase kinase 3β, into E. coli. by recombinant gene generation and ligation-independent 

cloning. Additionally, Jun was modified by inserting human tau, 4R1N isoform, into E. coli. by 
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recombinant gene generation and ligation-independent cloning. Two E. coli strains of interest 

were generated tau only (Jun modification with Tau), and hyperphosphorylated tau (Jun 

modification with tau and Fos modification with GSK-3β). The protein-protein interaction used 

in PIMAX is specific heterodimerization of the proteins Jun and Fos1. The two different E. coli. 

strains provide tau without posttranslational modification and tau with posttranslational 

modification in vitro, which provides a potential use in C. elegans as the nematodes consume E. 

coli.  

 To release the protein of interest, tau and hyperphosphorylated tau, the researchers took 

advantage of the specific protease from tobacco etch virus (TEV). TEV protease is a highly 

sequence-specific cysteine protease3. Therefore, TEV protease can be used to specifically cleave 

the tau protein from the Jun/Fos dimer after posttranslational modification has occurred. The 

inserted a TEV protease cleavage site between the Fos/Jun protein and the protein of interest, tau 

or GSK-3β. To release hyperphosphorylated tau, one can culture the E. coli. strain with both 

modifications, Fos with kinase and Jun with tau, for 24 hours. Then, E. coli. expressing TEV 

protease to the hyperphosphorylated tau was added, producing bacteria to initiate protein 

cleavage of hyperphosphorylated tau from the Fos/Jun dimer. Figure 52 illustrates the PIMAX 

model used in hyperphosphorylated tau production in E. coli. PIMAX provides an efficient 

method to investigate hyperphosphorylated tau in in vitro models. Therefore, C. elegans were 

feed tau and hyperphosphorylated tau producing bacteria to investigate the viability of feeding 

delivery as a method to model AD in C. elegans.  
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Figure 52: PIMAX model producing free hyperphosphorylated tau in E. coli. 

3.2. Experimental  

3.2.1. Growing healthy bacteria stocks  

 Overnight cultures of E. coli producing tau, p-tau, vector, and TEV (Tobacco Etch Virus) 

protease was prepared by mixing 10 mL of LB, 2 μL of bacteria, and sufficient ampicillin to 

generate a final concentration of 5 μg/mL in separate containers. The bacteria solution was 

moved to a shaker set to 37°C and allowed to shake overnight. The overnight culture was diluted 

by mixing 40 μL bacterial stock with 2 mL LB and sufficient ampicillin to generate a final 

concentration of 5 μg/mL. The diluted bacteria solution was moved to the shaker at 37°C for 2 

hours. Then, 20 μL of 100 mM stock of isopropyl β-D-1-thiogalactopyranoside (IPTG) was 

added to the diluted bacteria to induce expression of the protein of interest. After addition of 

IPTG, the diluted bacteria culture was moved to the shaker at 37°C for 3 hours. Equal parts of 

the TEV culture was mixed with each bacteria type. The mixed bacteria solutions were then 

seeded onto NGM plates coated with 5 μg/mL of ampicillin and 1 mM of IPTG. The bacteria 

were left out at room temperature to grow overnight1. The resulting plates were used for all 

assays involving the tau feeding model. The plates were stored in a box sealed with aluminum 

foil to prevent light exposure to stabilize IPTG4. 
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3.2.2. Making IPTG and ampicillin plates 

 NGM plates containing ampicillin and IPTG were created in groups of 15 by mixing 

1125 μL of IPTG and sufficient ampicillin to generate a final concentration of 5 μg/mL. Then, 

82.5 μL of the mixed solution was added to the surface of each NGM plate and spread with a 

glass rod. Each bacterial type of tau, p-tau and vector were seeded to each plate on top of the 

dried ampicillin and IPTG. Refer to 2.2.5. for more details on the supplementing process. The 

plates were left overnight at room temperature to dry and allow for bacterial growth. All plates 

generated in this way were stored in aluminum foil covered boxes to prevent IPTG light 

exposure4.  

3.2.3. Serotonin (5-HT) assay  

 A 1 mM solution of serotonin was prepared by mixing 2 mg serotonin per 5 mL of s-

basal medium. The total volume varied depending on the number of serotonin assays to be ran.  

Then, 200 μL of the 1 mM serotonin solution was added to several wells of a 96-well plate. Next,  

5 worms were placed into each well plate for the assay. Each group of worms was transferred 

simultaneously, and the exposure time was monitored. The worms were assayed for paralysis at a 

10-minute exposure time5. One trial consists of 4 wells with 5 worms each. The serotonin assay 

is illustrated in Figure 53.  

 
Figure 53: Serotonin assay. 
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3.2.4. Cold tolerance assay 

 Age-synchronized worms (25-100) worms were placed directly in a refrigerator at 4°C. 

The worms were left at 4°C for 24-36 hours. After this exposure to the cold temperature, the 

worms were removed from the refrigerator and allotted approximately 1 hour to equilibrate to 

room temperature. The worms were then assayed for viability by gently tapping each worm with 

a pick and observing movement or lack thereof6,7. The cold tolerance assay is illustrated in 

Figure 54.  

  
Figure 54: Cold tolerance.  

3.3. Thrashing assay results  

3.3.1. C. elegans fed PIMAX DH5α E. coli producing human tau  

 To investigate the viability of a tau feeding model, an L4 age synchronized population of 

wildtype N2 worms were prepared. The age synchronized population was transferred to plates 

seeded with three different DH5α bacteria: vector control (Jun/Fos), tau (Jun/Fos with tau), and 

p-tau (Jun/Fos with tau and kinase). Each age synched population was maintained by filtration. 
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Twenty worms from each population were placed in 10 μL of s-basal on an NGM only plate, and 

their thrashing was recorded. The thrashing results of each population are illustrated in Figure 

55.  

 
Figure 55: Quantified thrashing of N2 fed different PIMAX bacterial types. 

Three trials of 20 worms each were performed for each strain at each time point. The average 

thrashing of the triplicate Error bars are standard error (SEM). Two-way analysis of variance 

(ANOVA) and Tukey’s multiple comparison test was used to analyze the statistical significance 

of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).  

 

Figure 55 suggests that there is a statistically significant difference between the vector and both 

the tau and p-tau populations starting at day 7 and continuing into day 9. The observed lack of 

thrashing may be due to a neurological disorder induced by the consumption of tau and p-tau 

from the bacteria. However, there is no evidence that simply consuming the tau and p-tau protein 

can lead to tau aggregation in the neurons. It is also possible that the observed effect is caused by 

accumulation of Jun/Fos dimer, tau, and p-tau throughout the body, which is not specific in the 

neurons. Further investigation is necessary to differentiate the most likely explanation for the 

observed changes. Additionally, there is no difference between the tau and p-tau populations at 
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any point in the lifespan of the worms. Hyperphosphorylated tau is thought to be the more toxic 

protein in several neurological disorders especially Alzheimer’s disease. Therefore, the result 

showing that tau and p-tau are comparably toxic to C. elegans is surprising. A potentially 

confounding factor is that the tau bacteria expresses approximately twice as much tau protein as 

the p-tau bacteria. Therefore, the additional expression of tau in the “tau” bacteria must be 

accounted to reach accurate conclusions.  

3.3.2. C. elegans feed PIMAX DH5α e. coli producing human tau controlling for expression 

levels 

 To investigate if the observed lack of difference between tau and p-tau was due to the 

expression levels, the tau bacteria were diluted with vector bacteria in equal parts to attempt to 

mitigate the variable expression. An L4 age synchronized population of wildtype N2 worms 

were prepared. Plates of each bacteria type vector, tau, and p-tau were prepared in the same 

manner as before except that the “tau” population was diluted with equal parts of the vector to 

control for the increased expression of tau. The age synchronized population of worms was 

transferred to plates seeded with three different DH5α bacteria namely, vector control (Jun/Fos), 

tau dilution (Jun/Fos with tau), and p-tau (Jun/Fos with tau and kinase). Each age synched 

population was maintained by filtration. Twenty worms of each population were placed in 10 μL 

of s-basal on an NGM only plate, and their thrashing was recorded. The thrashing results of each 

population are illustrated in Figure 56. 
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Figure 56: Quantified thrashing of N2 fed different PIMAX bacterial types controlling for 

expression levels.  

Three trials of 20 worms each were performed for each strain at each time point. The average 

thrashing of the triplicate is reported. Error bars are standard error (SEM). Two-way analysis of 

variance (ANOVA) and Tukey’s multiple comparison test was used to analyze the statistical 

significance of this results. (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).  

 

Figure 56 shows that there is no statistically significant difference between any of the 

populations at the same age. There is an aging effect that seems to cause a decrease in total 

thrashing as the worms age. The observed decrease seen in Figure 56 is more drastic than that of 

wildtype worms feed the standard OP50 bacteria. Therefore, there seems to be some additional 

effect leading to the observed fitness phenotype observed by thrashing. One possible explanation 

is buildup of the protein dimer Jun/Fos, which is used in the PIMAX model to generate tau and 

hyperphosphorylated tau in the DH5α bacteria. To investigate protein buildup was causing the 

lack of thrashing phenotype, another study with several control bacteria was performed. 

Specifically, OP50, DH5α, vector, tau, and p-tau were used to control for two more factors. First, 

DH5α without the Jun/Fos dimer is necessary to investigate the role of the Jun/Fos dimer on the 
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thrashing phenotype. Secondly, OP50 control is used as a secondary control to investigate the 

role of DH5α on the thrashing phenotype. An L4 age synchronized population of wildtype N2 

worms were generated. The age synchronized populations were transferred to separate plates 

seeded with OP50 and four different DH5α bacteria namely, DH5α only, vector control 

(Jun/Fos), tau (Jun/Fos with tau), and p-tau (Jun/Fos with tau and kinase). Each age 

synchronized population was maintained by filtration. Twenty worms of each population were 

placed in 10 μL of s-basal on an NGM only plate, and their thrashing was recorded. The 

thrashing results of each population are illustrated in Figure 57. 

 
Figure 57: Quantified thrashing of N2 fed different PIMAX and control bacterial types. 

Three trials of 20 worms each were performed for each strain at each time point. The average 

thrashing for each group of 20 is reported for the individual value of that trial. Error bars are 

SEM. A 2-way ANOVA was used to analyze the statistical significance of this result. Groups 

marked with “a” are ***P< 0.001, with “b” are ****P< 0.0001, with “c” are ****P< 0.0001 and 

“d” are ****P< 0.0001. 

 

Figure 57 illustrates minimal difference between any bacterial type in day 1. At day 8, the only 

significant differences are between all Jun/Fos producing bacteria (vector, tau, and hyper p-tau) 

and the two controls (OP50 and DH5α). It is difficult to make any conclusions from day 1 
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thrashing data. However, some conclusions can be made from day 8 thrashing data. First, there is 

no difference between OP50 and DH5α, which suggests that DH5α is not responsible for the 

decreased thrashing. Additionally, there is a significant difference between worms fed DH5α and 

each Jun/Fos bacteria, suggesting that the Jun/Fos dimer is responsible for the decreased 

thrashing. Furthermore, worms fed OP50 thrashed considerably more than each Jun/Fos 

producing bacteria (vector, tau, and hyper p-tau), which further suggests that the Jun/Fos dimer 

is responsible for the decreased thrashing. Lastly, there is not a significant difference between 

any of the Jun/Fos producing bacteria (vector, tau, and hyper p-tau) Therefore, all thrashing 

evidence suggests that the presence of the Jun/Fos dimer has a toxic effect on the worms’ fitness, 

which does not appear to be exacerbated by the presence of tau or hyperphosphorylated tau.  

3.4. Serotonin assay results 

3.4.1. Introduction to the serotonin assay  

 Serotonin or 5-hydroxytrptamine (5-HT) is a monoamine neurotransmitter. Serotonin is 

biochemical derived from the amino acid tryptophan. The biological function of serotonin is 

multifaceted and not completely understood8,9. However, many of the functions have been linked 

to the activation and inactivation of 5-HT receptors10. The 5-HT receptors are G protein-coupled 

receptor and ligand-gated ion channels found in the CNS. The serotonin receptors modulate the 

release of many neurotransmitters including glutamate10,11. Therefore, serotonin exposure is 

linked to neurological function of many neuron types. Additionally, serotonin signaling 

pathways have been detected in C. elegans12,13. Several behavioral phenotypes, such as 

locomotion, have been linked to 5-HT exposure. Furthermore, paralysis induced by serotonin 

exposure has been observed in many neurological disorder models in C. elegans14. It is thought 

that the observed paralysis is caused from overstimulation of 5-HT receptors, which causes 
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calcium influx into the neurons14. The paralysis occurs more quickly in organisms with 

unhealthy neurological function, as there is less biological machinery to handle the excessive 

serotonin exposure. Therefore, paralysis in response to 5-HT exposure can be used as an 

indication of neurological health.  

3.4.2. Serotonin assay in C. elegans fed PIMAX DH5α E. coli producing human tau  

 To further investigate the effects of feeding tau producing bacteria on the healthspan of 

the worms, the 5-HT assay was performed. The 5-HT assay provides information about the 

neural health of the worms that were exposed to 5-HT. Worms with healthy neurological 

function can be exposed to 5-HT for a short time (~10 minutes) without paralysis. However, 

worms with abnormal neurological function will become paralyzed during the 10-minute 

exposure. Therefore, the number of observed healthy worms after the 10-minute exposure are 

recorded.  

 To perform the 5-HT assay, an L4 age synchronized population of wildtype, N2, worms 

were prepared. Plates of each bacteria type vector, tau, and p-tau were prepared in the same 

manner as before except that the “tau” population was now diluted with equal parts of the vector 

in an attempt to control for the overexpression of the tau protein in “tau” bacterium. The age 

synchronized population was transferred to plates seeded with three different DH5α bacteria: 

vector control (Jun/Fos), tau dilution (Jun/Fos with tau), and p-tau (Jun/Fos with tau and kinase). 

Each age synched population was maintained by filtration. Twenty worms of each population 

were placed 96-well plates containing 200 μL of 1 mM 5-HT. Worms were exposed to the 5-HT 

for 10 minutes, and the number of moving worms were scored. The results of the 5-HT assay are 

shown in Figure 58.  
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Figure 58: Quantified healthy N2 worms after 10-minute 5-HT exposure. 

Three trials of 20 worms each were performed for each strain at each time point. The percent 

healthy for each group of 20 is reported for the individual value of that trial. Error bars are the 

SEM. A 2-way ANOVA was used to analyze the statistical significance of this result (*P< 0.05, 

**P< 0.01, ***P< 0.001, ****P< 0.0001). 

 

Figure 58 illustrates that there are no statistically significant differences present in any of the age 

synchronized populations. Therefore, feeding worms the Jun/Fos dimer, tau, and/or 

hyperphosphorylated does not affect the neurological health of the worms observed in the 5-HT 

assay. It is possible that the fed tau or hyperphosphorylated tau never enters the neurons of the 

worms, and therefore, neurological effects are not observed.  

3.5. Cold tolerance assay results  

3.5.1. Introduction to the cold tolerance assay  

 Wildtype C. elegans raised at 16°C can survive a sudden shift to a cold temperature of 

4°C. Animals raised at 20-25°C cannot survive a similar sudden temperature change11. A pair of 

neurons, ASJL and ASJR, have been identified as the primary temperature shock sensory 

neurons. When ASJL and ASJR are disrupted by laser ablation and genetic mutation, the ablated 
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or mutated worms survive the temperature shock more effective15. Sensory neurons initiate a 

signaling cascade that leads to a change in the lipid profile in the intestines. Worms lacking 

functional ASJL and ASJR neurons retain a more cold-resistant profile16. Therefore, it is 

expected that worms with neurodegeneration will be more resistant to sudden temperature 

changes.  

3.5.2. Cold Tolerance assay in C. elegans fed PIMAX DH5α E. coli producing human tau 

 To further investigate the effects of feeding tau producing bacteria on the healthspan of 

the worms, a cold tolerance assay was performed. To perform the cold tolerance assay, an L4 age 

synchronized population of wildtype N2 worms were prepared. Plates of each bacteria type 

vector, tau, and p-tau were prepared in the same manner as before except that the “tau” 

population was now diluted with equal parts of the vector in an attempt to control for the 

overexpression of the tau protein in “tau” bacterium. The age synchronized population was 

transferred to plates seeded with three different DH5α bacteria namely, vector control (Jun/Fos), 

tau dilution (Jun/Fos with tau), and p-tau (Jun/Fos with tau and kinase). Each age synched 

population was maintained by filtration. Approximately 50 worms were moved, while remaining 

on their agar plate, from 25°C to 4°C and left in 4°C for 24 hours. The worms were then placed 

back in 25°C for 1 hour. The population was then scored for viability. The results of the cold 

tolerance assay are shown in Figure 59.  
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Figure 59: Quantified alive N2 worms after exposure to 4C. 

Three trials of 50 worms each were performed for each strain at each time point. The percent 

alive for each group of 50 is reported for the individual value of that trial. Error bars are the 

SEM. A 2-way ANOVA was used to analyze the statistical significance of this result (*P< 0.05, 

**P< 0.01, ***P< 0.001, ****P< 0.0001). 

 

Figure 59 illustrates that there is no statistically significant difference between any of the 

different bacterial types. Therefore, feeding worms the Jun/Fos dimer, tau, and/or 

hyperphosphorylated tau does not affect the neurological health of the worms as observed in the 

cold tolerance assay. It is possible that the fed tau or hyperphosphorylated tau never enters the 

neurons of the worms or even the worms in general, and therefore, neurological effects are not 

observed. 

3.6. Discussion of the PIMAX feeding model 

3.6.1. Physical fitness effects  

 Figure 55 shows that there is a statistically significant difference between the vector and 

tau, vector, and p-tau, but not between tau and p-tau. The differences between vector, tau and p-

tau were promising, as it suggests that the feeding model producing a lack of fitness phenotype 

that can be observed in thrashing. However, the lack of difference between tau and p-tau was 
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surprising because mammalian models have shown that hyperphosphorylated tau has been more 

convincingly linked to AD pathology. Therefore, further investigation and discussion with our 

collaborator in the Kuo lab was prompted. It was suggested that the “tau” bacteria produced 

approximately twice as much tau as the hyperphosphorylated “p-tau” bacteria. To investigate if 

the lack of difference between “tau” and “p-tau” bacteria was due to the difference in expression, 

and the experiment was repeated by diluting the “tau” bacteria with equal parts of the vector to 

attempt to control for the expression levels. Figure 56 shows no statistically significant 

difference between any groups, which questions the results of the first bacteria feeding study. It 

is possible that the difference observed in the thrashing assay without dilution was an anomaly as 

the level of confidence in the difference is rather weak. However, Figure 56 suggests that there is 

some level of toxicity in the worms feed the Jun/Fos dimer bacteria alone. The toxicity is 

especially present at day 12 where the worms have considerably less thrashing compared to 

wildtype worms of the same age. Therefore, the observed toxicity prompted us to conduct 

another study to investigate several other controls namely, OP50 (normal C. elegans food in lab) 

and DH5α (the strain of E. coli. used to generate the tau and p-tau producing bacteria). 

Investigation of OP50 and DH5α in parallel with vector, tau, and p-tau shed light on the effects 

of Jun/Fos on the fitness of the worms. Figure 57 shows a difference between OP50 and all 

Jun/Fos dimer bacteria and DH5α and all Jun/Fos dimer bacteria. However, it does not show any 

significant differences between Jun/Fos dimers themselves nor between OP50 and DH5α. 

Therefore, the most likely explanation for the difference observed between OP50, DH5α, and the 

Jun/Fos dimer bacteria is due to accumulation of the Jun/Fos and possible tau and p-tau in the 

body of the worms. While this is interesting, it is not useful to study neurological disorders, but it 

can be used to model disease in which protein accumulation is a large part of the pathology.  
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3.6.2. Neurological effects  

 Figure 58 shows no statistically significant difference between any of the different 

populations. Therefore, neurological effects due to feeding tau and p-tau could not be observed 

using the 5-HT assay. Additionally, Figure 59 shows no statistically significant difference 

between any populations tested. The lack of difference suggest further that the neurological 

health of the worms feed the different bacterial types was not affected in a significant way. 

Therefore, this specific feeding model cannot mimic aspects of AD as initially intended.  

3.6.3. Model limitations 

 The primary limitation of the model is that tau and especially p-tau builds up in the 

neurons of patients diagnosed with AD. However, the feeding model would only simulate AD if 

the feeding tau and p-tau can migrate to the neurons after consumption. The lack of neurological 

phenotypes observed in 5-HT and cold tolerance assays suggests that tau and p-tau do not end up 

in the neurons or are not uptaken at all. Therefore, the model cannot be used to study AD as 

initially intended. However, if a method can be developed to migrate the tau and p-tau directly to 

the neurons, the model may have value. Without further development, the model is insufficient 

as an AD model.  

3.6.4. Future directions 

 Figure 57 suggests that consumption of the Jun/Fos dimer has a negative effect on the 

overall fitness of the worms observed in a lack of thrashing phenotype. The most likely 

explanation for the lack of thrashing is from protein accumulation of Jun/Fos and potentially tau 

and p-tau in the worms after consumption of the bacteria. Therefore, the model can be used to 

investigate certain aspects of disease that have significant protein aggregation as a part of the 

disease pathology like certain myopathies. Additionally, further investigation into an alternative 



 

 
114 

delivery may be fruitful. If the delivery system can lead to accumulation of tau and p-tau in the 

neurons, specific aspects of AD can be directly mimicked. 
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CHAPTER FOUR: 

INVESTIGATION OF ULTRASOUND AS TRAUMATIC BRAIN INJURY MODEL IN 

C. ELEGANS 

4. ULTRASOUND EXPOSURE TBI MODEL  

4.1. Introduction to traumatic brain injury (TBI)  

4.1.1. General TBI relevance in humans and tauopathy   

 Traumatic brain injury (TBI) has been suggested as a risk factor for tauopathies by 

triggering disease onset and facilitating its progression1. Approximately 10 million TBI cases are 

reported worldwide each year2,3. A moderate to severe TBI will produce systemic complications 

and can create long-term adverse effects4,5. The primary injury can trigger alterations in the brain 

that result in molecular and cellular deviations, which disrupt the overall CNS environment6,7. 

For example, phosphorylated tau and NFTs can be detected as early as 6 hours after the initial 

brain injury8. Additionally, TBI severity has been closely linked to the risk of AD3,7. One 

possible explanation for the link is due to an increase of phosphorylated tau and NFT 

accumulation post injury8. Therefore, the normal function of tau is disrupted in response to TBI 

and can be investigated further to provide some insight of TBI and AD pathology.   

4.1.2. C. elegans tauopathy model 

 To investigate C. elegans as a viable AD model, researchers have developed a transgenic 

worm that expresses human tau. The transgenic C. elegans contain the molecular machinery to 

produce human tau in vivo. The first such model was based on the overexpression of human 

1N4R tau pan-neuronally through the Paex-3 promoter9,10. The mutant worms show reduced 

survival, reduced thrashing rate, and they accumulate detergent-insoluble tau10. TBI disrupts the 

normal function of tau in humans, as increased phosphorylated tau and NFTs are observed in 
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TBI patients8. Therefore, one can expose the transgenic C. elegans to a TBI event and monitor 

any phenotypes related to tau such as survival and thrashing.  

4.1.3. Ultrasound as a TBI model in C. elegans 

 Ultrasound exposure to C. elegans has been investigated in recent years to understand 

any bioeffects that may be observed because of the exposure11. One such method used includes 

surface acoustic wave (SAW) ultrasound irradiation to investigate TBI in C. elegans12. Using 

this method the researchers found a significant reduction in mobility of the worms12. The lack of 

movement phenotype can be tracked to follow the progression of TBI symptoms in the worms. 

Additionally, another model investigated the effects of medical grade ultrasound exposure on C. 

elegans lifespan and healthspan13. The researchers found that worms exposed to the intense 

ultrasound had reduced lifespans, thrashing, and locomotion13. The two models suggest that 

ultrasound exposure affects the worms in significant and measurable ways. Therefore, if the 

observed effects mimic TBI events, then ultrasound exposure to transgenic human tau producing 

C. elegans can provide insight into the pathology of TBI.  

4.2. Thrashing Results after ultrasound exposure through 2.5 cm gap 

4.2.1. Model description  

Age synchronized worms were transferred to a 50 mm plate filled with s-basal medium. 

Using a 4710 series ultrasonic homogenizer, the worms in this petri dish were exposed to 1-MHz 

ultrasound for 15 minutes at 50% duty with a pulse frequency of 100 Hz. The ultrasonic 

conditions have been used previously to induce mild TBI symptoms in C. elegans13. The 

ultrasound finger was place 2.5 cm away from the surface of the s-basal solution. Sham worms 

were moved to the s-basal for the same 15-minute duration, but the sham worms were not 
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exposed to ultrasound19,20. The process of ultrasound exposure is illustrated in Figure 60. All 

worms were maintained on NGM plates with OP50.  

(a)                                          

         
(b) 

   
Figure 60: Ultrasound exposure model through a 2.5 cm space. 

(a) Image of the experimental apparatus illustrating the 2.5 cm space between the worms in 

buffer and the ultrasound finger. (b) Details illustrating appropriate separation and ultrasound 

exposure time for sham and exposure groups. 
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4.2.2. Thrashing results  

 To investigate the ultrasound model, worms were assayed for thrashing after exposure to 

ultrasound. To perform the assay, an L4 age synchronized population of wildtype, N2, and tau 

worms (aex-3::tau) were prepared. The “exposed group” age synchronized population were 

transferred to plates full of 10 ml of s-basal medium and exposed to ultrasound for 15 minutes. 

The “sham” group age synchronized population were transferred to plates full of s-basal medium 

for 15 minutes without exposure to ultrasound to control for any effects from the buffer. Both 

populations, “sham” and “exposed” of each strain, were then transferred to standard NGM plates 

seeded with bacteria. Each age synched population was maintained by filtration. Twenty worms 

of each population were placed in 10 μL of s-basal medium on an NGM only plate, and their 

thrashing was recorded. The thrashing results of each population are illustrated in Figure 61. 

 
Figure 61: Quantified thrashing of N2 and aex-3::tau (Tau) with and without exposure to 

ultrasound. 

Three trials of 20 worms each were performed for each strain at each time point. The average 

trashing from each group of 20 is reported for the individual value of that trial. Error bars are the 

SEM. A 2-way ANOVA was used to analyze the statistical significance of this result (*P< 0.05, 

**P< 0.01, ***P< 0.001, ****P< 0.0001). 
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Figure 61 illustrates that there is no statistically significant difference between any population at 

day 1. However, statistically significant differences are observed later in life, therefore aging 

may play a role. Additionally, there is no statistically significant difference between N2 sham 

and N2 exposed until day 10, which further suggests a relationship between aging and the TBI 

(ultrasound) effect. Furthermore, there are differences between the N2 and tau groups starting at 

day 4, which continue throughout the lifespan. The decreased fitness of the tau worms (eat-

4::GFP; aex-3::tau) compared to control (eat-4::GFP), as observed in thrashing, is expected and 

discussed in more detail in chapter 2. However, there is a significant difference between tau 

sham and tau exposed starting at day 7 and continued in day 10. The presence of tau exacerbates 

the effect of ultrasound exposure, which suggests some potential interaction between the 

exposure and tau. The interaction between ultrasound exposure and tau is consistent with the 

observed effects seen in humans who have experienced traumatic brain injury as described in 

section 4.1. Therefore, the observed interaction provides more justification for the use of the C. 

elegans model for investigation of TBI.  

4.3. Thrashing results in solution  

4.3.1. Model description  

 Age synchronized worms were transferred with s-basal medium to a 14 mL polystyrene 

test tube. After approximately five minutes, the ultrasound finger was placed directly into the 

liquid. The five-minute waiting period allows for the worms to fall to the bottom of the test tube 

so the finger will more homogenously expose the worms to the ultrasonic waves. Separate 

populations of worms were exposed to ultrasound for a distinct time, ranging from 1 to 6 

seconds19,20. The process of ultrasound exposure through the solution is illustrated in Figure 62. 

All worms were maintained on NGM plates with OP50. 



 

 
122 

(a)                           

       
(b) 

  
Figure 62: Ultrasound exposure directly in the buffer solution.  

(a) Image of the experimental apparatus illustrating the 2.5 cm space between the worms in 

buffer and the ultrasound finger. (b) Details illustrating appropriate separation and ultrasound 

exposure time for sham and exposure groups. 

 

 

4.3.2. Optimization of exposure time results  

 To further investigate the ultrasound TBI model, the apparatus was changed from the 

through space model described in 4.3.1. to direct ultrasound exposure in the buffer. Placing the 
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ultrasound finger directly in the buffer will greatly increase the exposure of ultrasound that the 

worms in the buffer are experiencing. Therefore, more severe TBI is expected, which can be 

tracked in the thrashing phenotype. To perform the exposure optimization thrashing assay, an L4 

age synchronized population of wildtype, N2, and tau worms (aex-3::tau) were prepared. The 

“exposed” group age synchronized population were transferred to polystyrene test tubes with      

7 mL s-basal and exposed to ultrasound using a 4710 series ultrasonic homogenizer programmed 

to 1-MHz ultrasound for varying durations between 1-6 seconds at 50 % duty with a pulse 

frequency of 100 Hz. Both populations were then transferred to standard NGM plates seeded 

with bacteria. Twenty worms of each population were placed in 10 μL of s-basal on an NGM 

only plate, and their thrashing was recorded. The thrashing results of each population are 

illustrated in Figure 63. 

 
Figure 63: Quantified thrashing of N2 and aex-3::tau (Tau) exposed to varying duration of 

ultrasound. 

One trial of ~50 worms each were used for each exposure duration and strain. Error bars are 

standard deviation. A Student’s t-Test was performed to analyze statistical significance. (*P< 

0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001). 

 

Figure 63 illustrates that 3 s and 4 s exposure leads to a difference between N2 exposed group 

and the tau exposed group. It is important to mention that Figure 63 only shows the results of one 
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trial of fifty worms. However, even with one trial of ~50 worms, a statistically significant 

difference was observed, and because of this, 3 s was selected as the optimized exposure time for 

the ultrasound model with the ultrasound finger placed directly in the buffer solution.  

4.3.3. Thrashing results in solution   

 To investigate the optimized exposure ultrasound model, worms were assayed for 

thrashing after exposure to ultrasound. To perform the assay, an L4 age synchronized population 

of wildtype N2 and tau worms (aex-3::tau) were prepared.  The “exposed” age synchronized 

population were transferred to polystyrene test tubes with 7 ml s-basal and exposed to ultrasound 

using a 4710 series ultrasonic homogenizer programmed to 1-MHz ultrasound for 3 seconds at 

50% duty with a pulse frequency of 100 Hz. The “sham” age synchronized population were 

transferred to polystyrene test tubes with 7 ml of s-basal for 2-3 minutes to control for any 

effects from the buffer. Both populations, “sham” and “exposed” of each strain, were then 

transferred to standard NGM plates seeded with bacteria. Each age synched population was 

maintained by filtration. Twenty worms of each population were placed in 10 μL of s-basal on an 

NGM only plate, and their thrashing was recorded. The thrashing results of each population are 

illustrated in Figure 64. 

 



 

 
125 

 
Figure 64: Quantified thrashing of N2 and aex-3::tau (Tau) with and without exposure to 3 

seconds of ultrasound. 

Three trials of 20 worms each were performed for each strain at each time point. The average 

trashing from each group of 20 is reported for the individual value of that trial. Error bars are the 

SEM. A 2-way ANOVA was used to analyze the statistical significance of this result (*P< 0.05, 

**P< 0.01, ***P< 0.001, ****P< 0.0001). 

 

Figure 64 illustrates that there is a statistically significant difference between the N2 and tau 

strains exposed to ultrasound waves. Therefore, the presence of tau exacerbates the thrashing 

defects after ultrasound exposure, which is consistent with what is observed in mammalian 

models. Additionally, there is a statistically significant difference between the tau sham and tau 

strain exposed to ultrasound waves, which further suggests that tau exacerbates the lack of 

thrashing caused by ultrasound exposure. Furthermore, there is not a statistically significant 

difference between N2 sham and N2 worms exposed to ultrasound waves suggesting that 

ultrasound exposure alone is insufficient to induce a TBI like state in the wildtype worms. 

However, in the presence of tau, the ultrasound exposure is sufficient to observe a phenotype. 

Lastly, there is a statistically significant difference between N2 and tau (aex-3::tau) as expected 

and discussed in more detail in chapter 2.  
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4.4. Discussion of TBI ultrasound model 

4.4.1. Physical fitness effects  

 Figure 61 illustrates that there is a significant difference between tau sham and tau strain 

exposed to ultrasound starting at day 7, which suggests that the ultrasound exposure effects, 

which simulate TBI, are exacerbated by the presence of tau. Additionally, there is a statistically 

significant difference between N2 sham and N2 worms exposed to ultrasound starting at day 10, 

which suggests that the ultrasound exposure effects are related or in addition to aging effects. 

Because the ultrasound effects took several days to present when a 2.5 cm gap was used between 

the ultrasound finger and the worms, the ultrasound exposure apparatus was modified to 

investigate if more intense exposure would lead to a more severe and/or earlier phenotype.  

 Figure 64 illustrates that there are statistically significant differences between tau sham 

and the tau worms exposed to ultrasound starting at day 1 and continuing through the lifespan of 

each population. Additionally, there is a significant difference between N2 exposed and tau 

worms exposed to ultrasound starting at day 1 and continuing throughout the lifespan. Therefore, 

the presence of tau seems to exacerbate the effect from ultrasound exposure. The effect is in 

additional to the expected aging effects which is also observed when one compares the older N2 

populations to the younger N2 populations. The fitness evidence, taken holistically, suggests that 

the tau animal model expresses a specific lack of fitness phenotype observed in thrashing when 

exposed to ultrasound. The ultrasound model provides a method for one to investigate the role 

that tau plays in TBI as modeled by ultrasound exposure.  

4.4.2. Model limitations  

 The model takes advantage of an ultrasonic finger as the source of ultrasound exposure to 

the worms. In both apparatuses, ultrasound exposure is not completely consistent because the 
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worms are not placed in the exact same region of the buffer. Therefore, the ultrasound intensity 

experienced by each worm will vary slightly as the intensity of the wave dissipates as it travels 

through the buffer. However, a more consistent exposure is present in the second apparatus in 

which the ultrasound finger is placed directly in the buffer solution. Additionally, commonly TBI 

in humans is observed in professional athletes who play sports that involve repeated head 

trauma, like American football. The model proposed here exposes the worms to one TBI event 

early in their lifespan and monitors the effect as the worms age. Therefore, another model could 

expose the worms to ultrasound every day or few days in their lifespan to better mimic the 

consistent exposure to head trauma experienced by athletes in high contact sports.  

4.4.3. Future directions  

 One possible future direction is using the same exposure model, but instead of one 

exposure event, perform a series of TBI events throughout the lifespan of the worm. Therefore, 

one can better mimic the TBI as experienced by athletes. Furthermore, the model only 

investigated the physical fitness of the worms observed by thrashing. It would be interesting to 

investigate the neurological effects as well. For example, one can investigate neurological health 

by serotonin assay, cold tolerance, and GFP neural health assays as described in chapter 2.  

Additionally, it has been demonstrated that mechanical stress can induce detectable 

neurodegeneration14. The neurodegeneration was induced by mechanical stress through 

systematic exposure to mechanical stress by a Precellys Evolution homogenizer, which shakes 

biological samples violently usually to lyse the sample. The settings were optimized to induce 

trauma without completely lysing the worms. The mechanical stress lead to detectable loss of 

dopaminergic neurons as detected by loss of dopaminergic GFP in the dat-1::GFP strain14. 

Additionally, the neurodegeneration of dopaminergic, GABAergic, glutamatergic, serotonergic, 
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and cholinergic neurons induced by mechanical stress was further characterized by GFP 

retention of each tagged neuron measured by large-particle flow cytometry15. Dopaminergic 

neurons were the only class that showed significant neurodegeneration as measured by loss of 

GFP15. Therefore, one explanation for the fitness defects, as measured by decreased thrashing, 

induced by ultrasound exposure may be neurodegeneration of dopaminergic neurons. To 

investigate the role of dopaminergic neurons, the neural health after ultrasound exposure by 

measuring GFP of dat-1::GFP strain, which express GFP in dopaminergic neurons, can be 

explicitly studied using the fluorescent microscopy methods described in section 2.2.10. 

Additionally, the aex-3::tau worms can be treated with the mechanical stress model to 

investigate the role of tau in the pathology of the trauma as it has been suggested by recent 

literature1. Further characterization of the model can uncover mechanistic information 

responsible for the lack of fitness observed in thrashing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
130 

REFERENCES 

 

 

(1) Edwards, G., 3rd; Zhao, J.; Dash, P. K.; Soto, C.; Moreno-Gonzalez, I. J. Neurotrauma 2020, 

37 (1), 80–92. 

 

(2) Control, U. S. D. of H. &. H. S. C. F. D. (cdc); N. C. F. I. P. A.; US Department of Health & 

Human Services; Centers for Disease Control (CDC); National Center for Injury Prevention and 

ControlPsycEXTRA Dataset. 2003. https://doi.org/10.1037/e371602004-001. 

 

(3) Masel, B. E.; DeWitt, D. S. J. Neurotrauma 2010, 27 (8), 1529–1540. 

 

(4) Blennow, K.; Brody, D. L.; Kochanek, P. M.; Levin, H.; McKee, A.; Ribbers, G. M.; Yaffe, 

K.; Zetterberg, H.. Nat Rev Dis Primers 2016, 2, 16084. 

 

(5) Walker, K. R.; Tesco, G. Front. Aging Neurosci. 2013, 5, 29. 

 

(6) Blennow, K.; Hardy, J.; Zetterberg, H. Neuron 2012, 76 (5), 886–899. 

 

(7) Edwards, G., 3rd; Moreno-Gonzalez, I.; Soto, C. Biochem. Biophys. Res. Commun. 2017, 483 

(4), 1137–1142. 

 

(8) Smith, D. H.; Uryu, K.; Saatman, K. E.; Trojanowski, J. Q.; McIntosh, T. K. Neuromolecular 

Med. 2003, 4 (1-2), 59–72. 

 

(9) Pir, G. J.; Choudhary, B.; Mandelkow, E. FASEB J. 2017, 31 (12), 5137–5148. 

 

(10) Kraemer, B. C.; Zhang, B.; Leverenz, J. B.; Thomas, J. H.; Trojanowski, J. Q.; 

Schellenberg, G. D. Proc. Natl. Acad. Sci. U. S. A. 2003, 100 (17), 9980–9985. 

 

(11) Zulazmi, N. A.; Arulsamy, A.; Ali, I.; Zainal Abidin, S. A.; Othman, I.; Shaikh, M. F. CNS 

Neurosci. Ther. 2021, 27 (4), 381–402. 

 

(12) Miansari, M.; Mehta, M. D.; Schilling, J. M.; Kurashina, Y.; Patel, H. H.; Friend, J.. Sci. 

Rep. 2019, 9 (1), 12775. 

 

(13) Steele, L. M.; Kotsch, T. J.; Legge, C. A.; Smith, D. J. Ultrasound Med. Biol. 2021, 47 (8), 

2346–2359. 

 

(14) Egge, N.; Arneaud, S. L. B.; Fonseca, R. S.; Zuurbier, K. R.; McClendon, J.; Douglas, P. M. 

Nat. Commun. 2021, 12 (1), 1484. 

 

(15) Solano Fonseca, R.; Metang, P.; Egge, N.; Liu, Y.; Zuurbier, K. R.; Sivaprakasam, K.; 

Shirazi, S.; Chuah, A.; Arneaud, S. L.; Konopka, G.; Qian, D.; Douglas, P. M. Elife 2021, 10. 


