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ABSTRACT 
 
 
 

USING CANNABIDIOL AND TRAZODONE TO TREAT PROTEIN MISFOLDING  
 

NEURODEGENERATIVE DISEASE IN C. ELEGANS 
 
 
 

Alzheimer’s disease is one of the most common neurodegenerative disorders and is 

typically characterized by the accumulation of the misfolded proteins Amyloid-Beta (Aβ1-42) 

and/or hyperphosphorylation of Tau (p-Tau). Despite the lack of a cure for the disease, it is well 

known that targeting signaling pathways involved in reactive oxygen species (ROS) or the 

unfolded protein response (UPR) mitigates the toxic effects of misfolded proteins, including 

behavioral deficits, glial inflammation, and neuronal toxicity. Laboratory animals, which have 

long been used to study this disease, have been genetically modified to express the two 

aforementioned proteins and express similar deleterious effects. However, despite the individual 

targeting of these pathways—although neuroprotective for some time—the laboratory model still 

succumbs to the disease. In this work, we hypothesized that drug-stacking Cannabidiol and 

Trazadone, which respectively target ROS production and UPR, would improve the neuronal 

function and extend the lifespan of neurodegenerative nematode models. To test this hypothesis, 

we utilized specific strains of C. elegans that have been genetically modified to contain the two 

common misfolded proteins found to aggregate in the brains of patients with Alzheimer's, Aβ1-42 

and p-Tau. The AD-modeled nematodes were designed to parallel the middle- and late-stage in 

humans, starting at the point where signs of the disease first begin to become apparent. This 

research used Cannabidiol and Trazodone to inhibit ROS and UPR, respectively. Our 

experiments revealed that neurodegenerative C. elegans motility and lifespan significantly 
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improved with both combination and isolated treatments of CBD and TRA. Our data also 

suggest that genetically susceptible neurodegenerative C. elegans can benefit from both full-life 

and late-stage rescue utilizing CBD and TRA. We predict these results may help guide future 

experimentation that incorporates the use of both CBD and TRA in higher organisms, including 

rodent models of neurodegeneration and aged canines with cognitive decline.  

Keywords: Alzheimer’s disease, C. elegans, cannabidiol, trazodone, protein misfolding, 

hyperphosphorylation of Tau (p-Tau), Amyloid-Beta (Aβ1-42)  
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CHAPTER 1 

INTRODUCTION 
 
 
 

1.1 Background on Alzheimer’s Disease 

Alzheimer's disease (AD) has become one of the most prevalent neurodegenerative 

disorders. According to the Centers for Disease Control and Prevention (CDC; 2020), millions of 

Americans live with AD and its debilitating consequences, which most notably include cognitive 

impairment, loss of mobility, and shortened lifespan. However, AD is a disease of unknown 

origins; the CDC states that, "In 2020, an estimated 5.8 million Americans aged 65 years or older 

had Alzheimer's disease. This number is projected to nearly triple to 14 million people by 2060" 

(Centers for Disease Control and Prevention [CDC], 2020, para. 2). The rise in prevalence of this 

disease relates to the overall increased lifespan of humans due to advances in medicine. Research 

regarding better understanding of AD has included—but is not limited to—environmental 

factors, gene polymorphisms, and the gut-brain access. One aspect of AD researchers have 

agreed upon are its pathological hallmarks, which are: the presence of misfolded proteins 

Amyloid-Beta (1–42) (Aꞵ1-42) and hyperphosphorylated Tau (p-Tau), which are uniquely present 

in the entorhinal cortex and hippocampal regions of the brain (Bloom, 2014). 

1.2 Current Treatment Options  

Despite our understanding of the pathogenesis of AD, both clinically and 

microscopically, a cure is yet to be identified. The medications prescribed by physicians do not 

target these cellular dysfunctions but rather circumvent clinical symptoms or neuronal 

transmissions. An example of this is donepezil (Aricept®), which is the most widely prescribed 

medication to combat the disease. The drug acts as an acetylcholine (ACh) antagonist and it is 
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hypothesized that treating AD patients with this medication results in making the 

neurotransmitter ACh more bioavailable (Birks & Harvey, 2018). Specifically, the medication 

allows for the increased transmission of acetylcholine to be more readily available throughout 

the body and subsequently increase neuronal function. However, due to this mechanism of action 

(MOA), donepezil has a narrow therapeutic range. Moreover, while this can improve symptoms 

of AD patients, it should be noted that excess ACh has been associated with GI issues. Doses of 

5 mg increasing to 10 mg are considered optimal for patients with mild to moderate AD; for 

those with moderate to severe AD, the suggested dosage is 10 mg up to 23 mg (Kumar et al., 

2021). Any increase in the dosage must be undertaken with careful consideration (Cummings et 

al., 2013). Donepezil does not target the hallmarks of AD, including the misfolding of proteins or 

the free radicals produced by misfolded proteins. Given these two facts, patients with AD taking 

this medication may experience some relief of clinical symptoms but will eventually reach a 

threshold where the medication becomes ineffective due to the presence of misfolded proteins. 
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Figure 1.1.  Schematic Diagram Depicting Mechanism of Action of Donepezil 

 

Note: Donepezil treatment allows excess ACh to accumulate in the synaptic cleft increasing 
neuronal transmission. Figure developed using information from Birks and Harvey (2018), 
Colovic et al. (2013), and Lee et al. (2015). Image created by author using BioRender. 
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While donepezil does not explicitly target misfolded proteins A𝛽1-42 and p-Tau, newer 

drugs have made their way into the market that do (Goodwin, 2021). One such medication is 

aducanumab (Aduhelm®), an FDA-approved monoclonal antibody treatment that targets A𝛽1-42 

specifically (“Aducanumab (Aduhelm) for Alzheimer’s disease,” 2021). While targeting the 

misfolded proteins seems to be a more promising route, multiple controversies surround 

aducanumab. The first of which to address is that the treatment‘s original cost was $56,000 but 

due to this astronomical price, Medicare stepped in and limited the cost to $28,000, which will 

still prevent many of those in need of it from having access (Alonso-Zaldivar, 2022). More 

importantly, however, the bulk of the controversy stems from the fact that the drug underwent 

the U.S. Food and Drug Administration’s (FDA) Accelerated Approval Pathway. Despite its 

inability to sufficiently meet the FDA's effectiveness guidelines to show significance in clinical 

trials, it was nonetheless fast-tracked to the market (Sutton, 2022). This executive decision was 

primarily due to the lack of novel treatments for AD. 

1.3  Statement of the Problem 

The medications currently available mainly work to address existing A𝛽1-42 plaques and 

ACh (“Aducanumab (Aduhelm) for Alzheimer's disease,” 2021; Birks & Harvey, 2018). There 

has yet to be a medication that specifically and successfully targets the plaque formation or the 

cellular stress produced by the accumulation of these misfolded proteins. In this research, the 

specific targets are cellular stress pathways responsible for the generation of reactive oxygen 

species (ROS) and repairing misfolded proteins, as we believe that cotreatment with stacking 

chemically unique drugs that individually address a variety of cellular stress avenues is a 

promising avenue of AD treatment. 
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CHAPTER 2 

LITERATURE REVIEW 
 
 
 

2.1 The Unfolded Protein Response 

Understanding how the accumulation of misfolded proteins occurs and the way these 

misfolded proteins behave is critical to the development of treatment plans and the understanding 

of the mechanisms behind the disease’s progression. Proteins have specific conformations that 

allow them to perform homeostatic functions. Proteins can be misfolded, which most often 

involves deviating from standard alpha-helix (ɑ-helix) configuration to one of beta-sheet (𝛽-

sheets), which is not always deleterious, but when occurring in the 1-42 configuration is 

damaging to the body (Gross, 2000). Protein misfolding is a result of both a malfunction in a 

cell’s failsafe mechanisms as well as in its adhering to proper energy minimization pathways 

during folding. Typically, when proteins are misfolded, specific cellular translational control 

pathways—such as the unfolded protein response (UPR) and protein chaperones—attempt to 

correct these misfolded proteins by either correctly refolding them or degrading them. However, 

due to the exponential nature of AD and the overall typical degradation of cells in an aging 

organism, these misfolded proteins in a sense circumvent these safety mechanisms and are 

thereby able to accumulate, wreaking havoc on the neurological function of the organism (Clark, 

2004; Reynaud, 2010; Zheng et al., 2013). Understanding how AD progresses and addressing the 

avenues taken by misfolded proteins earlier could hinder the exponential progression of the 

disease. 

The UPR pathway is the body's primary cellular response to misfolded proteins for both 

repair or degradation (see Fig. 2.1). Endoplasmic reticulum (ER) stress response genes work by 
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addressing misfolded proteins by either clearing them from the cell or properly refolding them to 

perform their homeostatic functions (Simmons et al., 2009). During events of ER stress induced 

by misfolded proteins, the main activated pathway is the PERK pathway. Downstream of PERK 

is the eIF2ɑ, which, when functioning correctly, will address these misfolded proteins by 

degrading them. However, in the event of chronic ER stress, the eIF2ɑ pathway will 

phosphorylate (p-eIF2ɑ), effectively shutting down the pathway's essential functions (Halliday et 

al., 2017; Moreno et al., 2013; Radford et al., 2015). It has previously been found that the 

cognition of Alzheimer's-modeled organisms improved when compounds that target the PERK 

pathway were used (Halliday et al., 2017; Moreno et al., 2013). 
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Figure 2.1.  Schematic Diagram Depicting UPR Pathway Under ER Stress  
 
Note. A general outline of the pathway’s response under both normal conditions and chronic 
stress in the presence of misfolded proteins. Image created by author using BioRender. 
 
 
 
 
2.2 Reactive Oxygen Species in the AD Model   

The second major consideration identified after the UPR pathway is the oxidative stress 

cellular response pathway, which was examined due to its ability to address the reactive oxygen 

species (ROS) produced by misfolded proteins. During chronic exposure to A𝛽1-42 and p-Tau, 

elevated levels of ROS induce the transduction of Nuclear factor erythroid-2 related factor 2 

(Nrf-2) to act on the antioxidant response element (ARE) and activate downstream gene 

expression, which scavenges for ROS to detoxify the cell (Simmons et al., 2009; Sotolongo et 

al., 2020).  

2.3 C. elegans as Model Organism 

The model organism identified for use in the current study was Caenorhabditis elegans 

(C. elegans), a microscopic nematode that has been used as a biological model organism dating 
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back to the 1960s (Brenner, 1974). C. elegans possesses numerous aspects that makes it ideal for 

investigations, especially in the laboratory modeling of AD. First of all, it has a shorter lifespan 

compared to those of more traditional model organisms (e.g., mice or rats), with the Wild Type 

(N2) on average having a lifespan of less than 35 days (Urban et al., 2021). Moreover, 

nematodes are relatively cheap and, due to being hermaphroditic, can progenerate offspring by 

themselves. C. elegans then can be transferred to agar-rich plates and give rise to plates full of 

nematodes of the same genetic background.  
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CHAPTER 3 
 

METHODS AND MATERIALS 
 
 
 

This chapter will review the materials and methods used in the experiments. The 

maintenance of the nematodes and the buffers utilized throughout will also be described. Finally, 

the methods used to collect and analyze the data will be discussed. 

3.1 Development of Treatment Plan 

Despite the many advances and discoveries in the area of therapeutics, certain factors 

either have not been addressed or have been altogether disregarded. In an effort to address those 

gaps while taking a practical approach to our methodology, a list of significant considerations 

was developed through the literature review presented in Chapter 2. The first major consideration 

was the type of drugs to be examined in the treatments utilized in the study. Specifically, the goal 

was to recruit two existing, inexpensive, and previously FDA-approved pharmaceutical 

compounds for a drug-stacking therapy treatment with the aim being drug re-purposing and an 

affordable alternative to costly existing products (e.g., aducanumab). This was done to address 

the previously-discussed drawbacks to the mechanisms of action that have been found to target 

the UPR and ROS cellular pathways (Chaudhuri & Paul, 2006; Halliday et al., 2017; Zhang et 

al., 2022).  

3.1.1 Compounds 

To address ROS, the compound of interest selected for this pathway had to have a wide 

therapeutic range to allow for increasing doses due to the exponential increase of misfolded 

proteins characteristic of AD. Targeting this separate pathway in tandem with a known UPR-

targeting compound of interest introduces a unique approach compared to the two previously-
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mentioned approved treatments of antibody treatment and increasing ACh. After making the case 

for choosing the drugs of interest it was then necessary to establish both a model organism and 

an approach to deduce the timing/dosing required to significantly improve the selected model 

organism's lifespan with neurodegenerative disease. 

3.1.2 Model Organism 

Nematodes for this research were obtained from the Caenorhabditis Genetics Center 

(CGC), which has a comprehensive library of nematodes with various genetic backgrounds and 

mutations. This study utilized four genetically different C. elegans. Two strains were assigned to 

each model, to act as an experimental and a control organism for each. The first model, the A𝛽1-

42, consists of the GRU101 (Anti-A𝛽 Aggr.) and GRU102 (Pro-A𝛽 Aggr.) strains. The Anti-A𝛽 

Aggr. strain genotype is almost identical to the Wild Type, excluding two fluorescent protein 

markers (Fong et al., 2016). The experimental strain was genetically modified to express the 

misfolded protein via transfection of human minigene to express A𝛽1-42 in the neurons (Fong et 

al., 2016). 

The engineers of the strain were able to categorize the nematodes’ age and the 

progression of protein accumulation in the AD-model organism, which has an average lifespan 

of 30 days. The researchers utilized both behavioral assays and western blots to deduce that the 

nematodes would be at middle-age on Day 8 and that Aꞵ1-42 peaked on Day 12, making them at 

that point senior nematodes with the overall decreased motility correlating with neuronal 

dysfunction (Fong et al., 2016). This established the roadmap regarding the expected time of 

neuronal damage and the period where treatments would be implemented. 

The p-Tau model, like the A𝛽1-42 model, contains a control organism (that does not 

express the Tau protein) and an experimental organism (that does express p-Tau). The control 
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strain BR6427 (Anti-Tau Aggr.) has been modified through double-crossing strains. This 

crossing of strains results in an organism with the inability to form Tau proteins (Fatouros et al., 

2012). The experimental strain BR5706 (Pro-Tau Aggr.) was also created by crossing two 

separate strains of C. elegans. Unlike its control, the Pro-Tau Aggr. strain expresses aggregation 

of p-Tau protein conferring into p-Tau in the GABAergic motor neurons. For both experimental 

strains, locomotion, lifespan, and neuronal integrity were severely affected. This manifested as 

diminished synaptic function resulting in worse motility and a shortened lifespan (Fatouros et al., 

2012). Unlike in previous research, the engineers of the Tauopathy model did not include a 

mapped lifespan of the formation of p-Tau. However, the observations regarding the lifespan of 

A𝛽1-42 were applied to the Tauopathy model and the Pro-Tau Aggr. was treated at the same time 

points. 

3.2 Hypothesis of Treatment Plan 

The investigation required that a dosing schedule be established that could ideally be 

translational to humans; therefore, the nematodes were dosed with the drug-stacking regimen for 

full-life, middle-age, and slightly past the senior mark. Since current treatment options for AD 

are limited and do not seem to address the toxicity of misfolded proteins, the nematodes were 

treated with the drugs of interest over the similar stages of life during which most patients with 

AD would be diagnosed with the disease. This was done with the aim of obtaining insights into 

how to ameliorate the pathogenesis of the disease and extend lifespan. C. elegans also has a 

unique morphology that consists of glial cells comprising a nerve ring, which is representative of 

the blood brain barrier (BBB) in humans (Oikonomou & Shaham, 2011). It was essential that the 

drugs we investigated could cross the BBB of both humans and the equivalent in C. elegans to 

strengthen the application of the study data for future translational research. 
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3.3 Drugs of Interest 

3.3.1 Cannabidiol 

The first drug of interest (DOI) investigated was Cannabidiol (CBD), which is a 

phytochemical that derives from the Cannabis sativa family of plants. The metabolism of CBD 

is largely associated with the endocannabinoid receptors 2-AG and N-arachidonoyl-ethanolamine 

(anandamide/AEA). These have been identified in nearly all mammals, including C. elegans 

(Land et al., 2021). CBD binds to AEA and independently undergoes phase II transformation via 

N-acyltransferase and subsequently undergoes N-acyl-phosphatidylethanolamine acting as a 

cannabinoid receptor type 1 (CB1) partial agonist (Maccarrone, 2017). However, when CBD 

interacts with endocannabinoid endogenous receptor 2-AG, it acts as an allosteric modulator for 

CB1 in the presence of Cannabidiol within C. elegans elucidating the beneficial effects by 

activating CB1 (Bakas et al., 2017). C. elegans when treated with CBD have increased longevity 

and higher heat stress tolerance over a wide range of dosages (0.4 mM to 4.0 mM; Land et al., 

2021). Additionally, when C. elegans models of Alzheimer’s disease are treated with CBD 

ameliorated the disease by acting as an ROS scavenger. These previously noted beneficial effects 

of CBD in nematode models are likely due to the binding of the endocannabinoid receptors 2-

AG and AEA and the downstream activation of the CB1 receptor, making CBD an ideal 

compound to investigate for our models (Bisogno et al., 2001; Land et al., 2021; Ryberg et al., 

2007).  

Given that the UPR pathway is one of the primary mechanisms responsible for dealing 

with misfolded proteins, examination of CBD’s potential action on the UPR was also of interest 

in this study. As previously discussed in Section 2.1, during ER stress the PERK pathway is 

activated by the dimerization and phosphorylation of PERK in the presence of aggregates or 
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misfolded proteins; the downstream consequences of chronic phosphorylation inhibits eIF2-ɑ-p, 

which shuts down protein synthesis (Halliday et al., 2017). There is some evidence that suggests 

CBD acts on this pathway. In cell culture exposed to LPS, researchers found activation of 

phosphorylation of the eIF2-ɑ pathway (Mecha et al., 2012). When a cultured cell is first 

exposed to LPS and subsequently treated with CBD, the overall phosphorylation of the eIF2-ɑ 

decreases (Melas et al., 2018). While this is not the main reason for the utilization of CBD in this 

study, it could prove that treatments of neurodegenerative models with CBD and TRA may have 

a synergistic or additive effect on this pathway. However, the limited publications to date that 

have investigated C. elegans treated with CBD and its ability to be metabolized have at 

minimum established the organism’s affinity for the drug in a diseased state.  

As has been previously highlighted, C. elegans has an affinity and established 

pharmacokinetic response to CBD, which led to the next question posed in this study: What are 

the relative therapeutic and toxicological doses? Past research also has found that CBD is non-

toxic and improves the overall quality of life of nematodes at doses between 10 µM–100 µM 

(Land et al., 2021). Moreover, C. elegans LD50 values have in the past been used as predicative 

of LD50 values for higher organisms (Hunt, 2017). One method used by researchers to assess 

CBD toxicity in C. elegans was by exposing the nematodes to heat stress. The researchers noted 

that 0.4 μM–4000 μM CBD was not toxic, and 40 μM was the most beneficial for heat stress 

survival (Land et al., 2021). Given the findings of these previous publications regarding CBD 

and its effects in nematodes, we treated our Alzheimer's model organism with doses ranging 

from 5 μM–40 µM. While the mechanisms have been cited, CBD’s action on oxidative stress is 

not fully understood, and the current study’s data showed that treating AD-modeled nematodes 

with CBD improved neuronal integrity and lifespan. 
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3.3.2 Trazadone 

The second DOI investigated was Trazodone (TRA), which is a compound that has been 

commercially available now for over 50 years. It was initially prescribed to patients with 

depression due to it being a serotonin antagonist and reuptake inhibitor (SARI; Agnoli, 1986). 

Trazodone is rapidly taken up and undergoes Phase I Biotransformation through the cytochrome 

P450 3A4 (CYP3A4) and cytochrome P450 2D6 (CYP2D6) isoenzyme (Krystal, 2010). 

Following the metabolism of these isoenzymes, TRA transforms into the more active metabolite 

m-chlorophenylpiperazine (m-CPP; Melzacka et al., 1979). There is evidence to suggest that the 

metabolism of TRA is similar in the AD nematode model, as the model organism possesses the 

CYP13A7 ortholog to CYP3A4 (Chakrapani et al., 2008). 

Some research has suggested repurposing TRA and SARI compounds may delay the 

onset of AD. One study found a 3-year delay in the showing of symptoms of AD in adults taking 

SARIs with mild cognitive impairment (Bartels et al., 2018). This connection of repurposing 

TRA as a translational compound for AD model C. elegans was in part the basis for including 

the drug as the second DOI in this research.   

As stated, one of the main mechanisms of interest is the UPR pathway; TRA explicitly 

addresses the phosphorylation of the eIF2ɑ-p pathway. There is evidence that TRA acts on the 

PERK pathway and ameliorates AD clinical symptoms. Some research has demonstrated that 

TRA is not only neuroprotective but has also improved behavioral deficits in p-Tau aggregation 

mouse models by acting on the PERK pathway on eIF2ɑ-p during periods of chronic stress 

(Halliday et al., 2017; Moreno et al., 2013; Radford et al., 2015). These findings regarding 

TRA’s ability to inhibit the phosphorylation of the eIF2ɑ-p pathway made it the obvious choice 

for the second drug of interest to be employed in this study. 
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3.4 Nematodes 

3.4.1 Maintenance 

As noted in Section 3.1.2, the AD-model nematodes utilized for this research were 

obtained from the CGC at the University of Minnesota. The nematodes were grown on 

Nematode Growth Media (NGM) agar plates and stored in a 20 ℃ incubator. Nematodes were 

fed 200 µL of OP50, a nonpathogenic Escherichia coli (E. coli) strain, once a week. The 

maintenance for all of the various strains was equal. To keep the strains alive to propagate more, 

the “chunking” method was used. This involves sterilizing a metal spatula that is used to cut a 

small square in the NGM agar plate, which is then placed onto a new NGM plate. The newly 

propagated plates were also then fed with 200 µL of OP50. 

3.4.2 Synchronization 

In order to study age-specific nematodes, the nematodes were first washed from the 

NGM plates using M9 buffer and glass serological pipettes after which they were collected in 

either a 50 mL or 15 mL conical. The nematodes were then synchronized using 1 M NaOH and 

5.25% hypochlorite bleaching treatments in 1.5 mL microcentrifuge tubes and spun for 1 min at 

2000 rpm. This process kills everything excluding the eggs. Nematode pellets were then 

transferred from the 1.5 mL microcentrifuge tubes onto Petri dishes containing agar using 5-in 

glass aspirator pipettes. Nematodes were then fed with 200 µL of OP50 for 24 hr to ensure all 

eggs had hatched and the animals aged at the same rate. To ensure all animals did not 

progenerate, they were exposed to 50 µL of sterilizing agent FUdR on Day 3 (see Fig. 3.1). 
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Figure 3.1.  Schematic Diagram Depicting Longevity Assay Method  
 
Note. Non-synchronous nematodes synchronized using a bleach solution that kills everything 
excluding the eggs. The eggs are then plated in a 96-well plate and treated with both compounds 
of interest and a sterilizing agent. Figure developed using information from Solis and 
Petrascheck (2011). Image created by author using BioRender.   
 
 
 
 
3.5 Longevity Studies 

The protocol used for this assay was adopted from Petrascheck lab (Solis & Petrascheck, 

2011). The protocol was altered by the addition of drugs at separate time points in the lifespan of 

the nematodes to correspond with the different stages of life of the AD patient. Before drug 

stacking, C. elegans were plated in 96-well plates in S-complete buffer and treated to various 

concentrations of both drugs of interest. Three cohorts of nematodes were placed in three 



17 

separate wells, fed 10µL of 100 mg/mL of OP50 once a week, and counted every 3–5 days. Of 

these three cohorts, one was exposed for full-life, one was exposed on Day 8, and the last group 

was exposed on Day 16. From this pilot study, it was deduced that 100 µM TRA and 10 µM 

CBD seemed to be the most promising for extending the lifespan of the neurodegenerative 

strains. This process was then repeated using the drugs in combination. Due to both drugs acting 

upon the eIF2ɑ-p pathway (Halliday et al., 2017; Melas et al., 2018), it was hypothesized that 

some additive effects would be seen.  

Before studying combinational dosing, the nematodes were exposed to varying 

concentrations of either TRA or CBD at different time points to analyze both the optimal dose 

and time of exposure. Again, as previously discussed, the engineers of the Aβ1-42 note that Day 8 

is the middle age of the Pro-Aβ Aggr. model and the presence of Aβ1-42 peaks at Day 12 (Fong et 

al., 2016). The time points used for this study were Day 1, Day 8, and Day 16. For our control 

group of nematodes, we exposed the animals to the highest volume of dimethyl sulfoxide 

(DMSO) they would have received if they were in the CBD-treatment groupings. It should also 

be noted that all of the DMSO values calculated per well were 0.6%, this is because wells 

containing more than 0.6% would be toxic to the nematodes. We included full-life exposure to 

ensure that our compounds were not toxic to our animals. The pilot study found the most 

beneficial doses for the two drugs were 100 µM TRA and 10 µM CBD. For the 

neurodegenerative strain, this research deduced that Pro-Aβ Aggr. had benefit from Day 8 

treatment (see Figs. 5.1–5.2, Panel D) with 100 µM of TRA or 10 µM CBD, which significantly 

improved the lifespan of the nematodes incrementally at all future exposure time points across 

the lifetime (see Figs. 5.1–5.2, Panel F). For our Pro-Tau Aggr., 100 µM TRA significantly 

improved the lifespan at both Day 8 and Day 16 treatment (see Fig. 5.1, Panels J and L) and 10 
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µM CBD for full-life exposure (see Fig. 5.2, Panel G). These findings guided our research to 

potential therapeutic ranges when implementing combinational treatment for the subsequent 

neuronal integrity assays. 

3.6 Touch Test Studies 

In order to screen the nematodes for optimal dosages of the compounds of interest, C. 

elegans were allowed to grow on plates containing the isolated drug compounds at varying 

dosages for 1 week. The doses investigated for CBD included 1 µM, 5 µM, 10 µM, and 100 µM. 

The doses investigated for TRA were 25 µM, 50 µM, 100 µM, and 200 µM. Non-synchronous 

adults were then screened by employing a touch test assay. We targeted the anterior ventral 

process B interneuron (AVB), posterior ventral process C interneuron (PVC), anterior ventral 

process A interneuron (AVA), and anterior ventral process D interneuron (AVD). The AVB and 

PVC interneurons had the downstream effect of backward movement, while the AVA and AVD 

had the downstream effect of forward movement.  

To conduct this stage of the study, agar plates containing varying concentrations of 

isolated compounds of either TRA or CBD were created. Nematodes were then exposed to each 

drug for 1 week and then subjected to a touch test. The motility of our experimental models of 

nematodes improved with 100 µM and 200 µM doses of TRA (see Fig. 4.1, Panels A–B). Our 

experimental strain's motility was also significantly improved with 5 µM and 10 µM CBD 

exposure (see Fig. 4.1, Panel C). We then investigated combinational doses of less than 100 µM 

TRA and greater than 5 µM CBD from this pilot work. The reason for reducing TRA 

concentration and increasing CBD concentration was due to the therapeutic indexes of each drug. 

Ideally, we would see either an additive or synergistic effect on the nematode’s motility with the 

combinational treatment. 
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Following this pilot screening, the data suggested that 100 µM and 200 µM TRA had the 

most significant effect in elucidating healthy motility (see Fig. 4.1, Panels A–B). For CBD, the 

data suggested that dosages of 5 µM and 10 µM had the most significant effect in elucidating 

healthy motility (see Fig. 4.1, Panel C). Based on both these and the longevity studies, we 

proceeded to conduct the touch test assay on C. elegans exposed to the combination of TRA and 

CBD. For the full-life assay, nematodes were exposed to the combination of drugs at Day 1 and 

then subjected to touch test on Day 7. To analyze motility response, the nematodes were 

synchronized to ensure they were the same age; the middle-age nematodes were exposed on Day 

8 and experimented upon on Day 12. The last treatment group for late stage rescue were treated 

on Day 16 and tested on Day 18. These days were specifically chosen because, based on the 

previous literature, our Pro-Aβ Aggr. would be considered middle-aged at Day 8, the point 

where concentrations were observed to be at half maximum. According to the literature, Day 12 

is when concentrations peak and when neurodegenerative strains seem to exhibit the most clear 

signs of neurodegeneration (Fong et al., 2016). 

3.7 LC-MS/MS Drug Identification 

In order to assure that our drugs of interest were making their way into the nematode, 

LC-MS/MS analytical chemistry was utilized. C. elegans were placed on plates containing either 

vehicle or combinational compounds to analyze this. The nematodes were then analyzed on Day 

1, Day 8, or Day 16. Both pellets consisting of nematodes and washes used were saved. Pellets 

were washed to ensure that the LC-MS/MS nematodes analyzed compounds were washed to 

ensure compounds being analyzed derived solely from the pellet. Nematodes were washed from 

Petri-dishes using M9 buffer and 10 mL glass serological pipette. They were then transferred to 

15 mL conical, which was filled with M9 buffer (15 mL) and centrifuged at 2000 rpm for 10 
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min. The pellet then underwent acetonitrile extraction and was transferred into a vial. Internal 

standards were added into our extractions as a control to ensure that retention times matched the 

drugs we were analyzing. Washes were extracted using borate buffer and butyl chloride. Wash 

extractions also had internal standard added to ensure protocol was done properly.  

To ensure the compounds of interest were making their way into the nematode itself for 

our research, the nematodes were washed thoroughly through centrifugation and the 

implementation of liquid-liquid extraction. Through this process, we concluded that the drugs 

were, in fact, in the pellet of the nematodes through qualitative analysis using LC-MS/MS. In the 

first attempt to analyze the pellet for TRA and CBD, we could not confirm that the drugs made 

their way into the pellet since both compounds were also in the wash. Because of this, it was 

hypothesized that increasing the number of washes with PBS to 25 centrifuges would clear any 

drug in the wash.  
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Figure 3.2.  Schematic Diagram Depicting LC-MS/MS Drug Identification  
 
Note. Nematodes are placed on plates containing the drugs of interest and then washed multiple 
times. Image created by author using BioRender.  
 
 
 
 
3.8 Antibody Staining 

To achieve antibody staining in the nematodes, we adopted the freeze-cracking protocol 

(Duerr, 2013). This is because the cuticle surrounding the nematode is impervious to staining. 

This cracking is achieved by first washing the nematodes from the NGM plates using a glass 

pipette into a 15 mL conical. The conical is then centrifuged at 3000 rpm for 10 min. The 

nematodes are vortexed on high for roughly 10 s in between centrifuges. This process is done a 

total of three times in order to rinse the nematodes free of bacteria. After the centrifuge process is 
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completed, a 9-in. aspirator pipette is used to transfer the pellet of nematodes into a 1.5 mL 

Eppendorf tube. The tube is then adjusted with twice the sterile water compared to the pellet. 

Once this has been done, 25 µL of the solution is added to charged slides. The slides then have a 

coverslip placed on them and are placed on a metal sheet sitting directly on top of dry ice. After 

5 min, the slides are taken off the metal sheet and separated from each other with one swift 

motion. The charged slide is then placed on a slide holder and subjected to light fixation. The 

light fixative includes 2 min of sitting in 100% methanol, followed by 4 min of 100% acetone, 

and finally placed in 1x PBS. After the light fixative process is complete, the nematodes are then 

stained with the antibodies of interest.  

The actual staining process of C. elegans included two antibodies that stained for either 

A𝛽1-42 or p-Tau. The third stain used was 4′,6-diamidino-2-phenylindole (DAPI), which was 

utilized both as a morphological marker and as an internal standard to make sure our methods 

properly worked. The stain used for A𝛽1-42 was beta-Amyloid (1-42) polyclonal antibody 

(Thermo Fisher Scientific), which marked the amino acids 36–42 C-terminal region. The 

antibody used for Tau was AT270 (Thermo Fisher Scientific), a p-Tau marker that analyzed the 

Thr181 nucleotide region. The beta-Amyloid (1-42) polyclonal antibody marker was used at a 

1:400 ratio whereas AT270 was used at a 1:2000 ratio. Both of the antibody mixes for the A𝛽1-42 

and p-Tau markers were placed with 600 µL on the corresponding models and placed in 

refrigeration at 4 ℃ overnight. For DAPI, we used a 1:2000 ratio and it was placed with 600 µL 

at room temperature on all nematodes for no more than 3 min.  
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CHAPTER 4 

NEURONAL INTEGRITY ASSAY 
 
 
 
4.1 Introduction to the Motility Assay 

For this experiment, we analyzed the function of the AVA, AVD, AVB, and PVC 

interneurons. The AVA and AVD interneurons, when exposed to stimuli, are expressed as 

backward motion. The AVB and PVC neurons, when exposed to stimuli, are expressed as 

forward movement (Eisenmann, 2005). If the nematode did not react to forward or backward 

stimuli, it was recorded as “not responding.” These transgenic models did not respond correctly 

to the stimuli due to the aggregation of proteins as the nematodes aged (Fatouros et al., 2012). 

It should be noted that the engineers of our Pro-Aggr. Aβ strain did not specifically look 

at stimuli response but rather observed sinusoidal movement and noted no difference in motility 

before Day 8 (Fong et al., 2016). Given the evidence that both motility and neuronal aggregates 

correlated to overall less response, we employed a gentle touch test assay on the AVA, AVD, 

AVB, and PVC interneurons to determine the necessary doses that improve motility for the 

neurodegenerative nematode model. 

4.2 Experimental Setup: Isolated Treatment Touch Test  

Non-synchronous adult nematodes were exposed to NGM-treated agar plates treated with 

isolated drug (TRA or CBD) for 1 week at varying doses and then subjected to the gentle touch 

test assay. The overall goal for this assay was to deduce appropriate doses for each drug and 

affirm that our neurodegenerative nematodes were appropriate for use in this assay. The first 
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aspect of the research that must be noted is that the neurodegenerative nematodes had 

significantly worse motility. Fleeing from both stimuli was recorded as a 100% response.  

The gentle touch test found that the neurodegenerative strains of C. elegans have 

significantly worse motility. Nematodes were plated on NGM agar Petri dishes treated with 

either vehicle or varying concentrations of TRA and fed 200 µL OP50 (see Fig. 4.1, Panels A–

B). After 1-week exposure, nematodes were subjected to a gentle touch test, specifically to 

repeatedly target the AVB and PVC interneurons. Failure to flee from either stimulus was 

recorded as 0%. Statistical analyses were performed using a two-way ANOVA to compare the 

Pro Aggr. strains with their control counterparts. This information is presented on Panel A of 

Figure 4.1.   

Next, nematodes were plated on NGM agar Petri dishes treated with either the vehicle or 

varying concentrations of CBD and fed 200 µL OP50 (see Fig. 4.1, Panels C–D). After 1-week 

exposure, the nematodes were subjected to a gentle touch test, specifically to repeatedly target 

the AVB and PVC interneurons. Failure to flee from either stimulus was recorded as 0%. 

Statistical analyses were performed using a two-way ANOVA, comparing the Pro Aggr. strains 

with their control counterparts.  
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Figure 4.1.  Gentle Touch Test on Non-Synchronous Adult C. elegans Exposed to Isolated 

Compounds 

 

Note. Wild Type (n = 120), Anti-Aꞵ Aggr. (n = 120), and Pro-Aꞵ Aggr. (n = 120). Results are 
presented in a two-way ANOVA CI interval. 
****p < 0.0001. 
 
 
 
 
4.3 Experimental Setup: Combinational Treatment Touch Test 

Age synchronous adult nematodes were exposed to NGM-treated agar containing 10 µM 

CBD and 100 µM TRA The overall goal for this assay was to assess how treatment with both 

drugs of interest phenotypically manifested days after exposure. We investigated full-life 

exposure in which nematodes were treated with the combination on Day 1 of their lives and 

tested 1 week later. After identifying the most significant doses of TRA and CBD (see Fig. 4.1), 
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we then exposed all strains to full-life exposure starting Day 1 and then a touch test assay on Day 

7. For Day 12 touch test, nematodes were treated on Day 8. Finally, Day 18 touch test was 

analyzed after a 2-day treatment that began on Day 16. Day 12 was a point of interest due to the 

peak of Aβ1-42 aggregation (Fong et al., 2016). We investigated this to see the potentiation of 

late-stage rescue. For this experiment, we used the previous criteria of fleeing from both stimuli 

as a 100% response. In addition, a harsh touch test utilizing a titanium pick for the harsh touch 

test was added to investigate the sensitivity of neurons post-gentle touch test (McClanahan et al., 

2017).  

Our findings were that at Day 7, all strains had no change in response (see Figs. 4.2–4.5). 

For both our control strains, Anti-Aꞵ Aggr. and Anti-Tau Aggr., none of the treatments 

significantly changed the percent response between combinational treatment and vehicle (see 

Figs. 4.2–4.5). The following series of figures present the Day 7 combinational treatment touch 

test results. 
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Figure 4.2.  Gentle Touch Test Response of Anti-Aβ Aggr. After 4-Day Exposure to 

Combinational Drug-Treated NGM Agar Plates 

 

Note. Results are presented as a paired two-tailed t-test adjusted to p-value.  
 
 
 
 

As shown in Figure 4.2, there was no significant difference in the motility response of 

Anti-Aβ Aggr. to the gentle touch test after 7 days of exposure to the combinational treatment as 

compared to the vehicle treatment. Furthermore, there was no significant response to the gentle 

touch test by the Anti-Aꞵ Aggr. strain on Day 7 of either vehicle or combinational treatment. 
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Figure 4.3.  Gentle Touch Test Response of Pro-Aβ Aggr. After 7-Day Exposure to 

Combinational Drug-Treated NGM Agar Plates  

 
Note. Results are presented as a paired two-tailed t-test adjusted to p-value of < 0.05. 
 
 
 
 

Figure 4.3 presents the findings regarding the gentle touch test on the Pro-Aβ Aggr. strain 

after 7 days of exposure to the combinational treatment. Specifically, we found no significant 

motility response in the Anti-Aβ Aggr strain as compared to the response with either vehicle or 

combinational treatment. As compared to the vehicle treatment, there was no significant 

difference in the motility response to the gentle touch test of Anti-Tau Aggr. after 7-day 

exposure to the combinational drug treatment (see Fig. 4.4).  
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Figure 4.4.  Gentle Touch Test Response in Anti-Tau Aggr. After 7-Day Exposure to 

Combinational Drug-Treated NGM Agar Plates 

 

Note. Results are presented as a paired two-tailed t-test adjusted to p-value. 
 
 

 

 

 

Figure 4.5.  Gentle Touch Test Response of Pro-Tau Aggr. After 7-Day Exposure to 

Combinational Drug-Treated NGM Agar Plates 

 

Note. Results are presented as a paired two-tailed t-test adjusted to p-value. 
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Figure 4.5 presents the findings regarding Pro-Tau Aggr. strain’s response to the gentle 

touch test after 7 days of exposure to the combinational drug treatment, which found no 

significant motility response as compared to either the vehicle or combinational treatment.   

For the Pro-Aꞵ Aggr. strain exposed to the combination of TRA and CBD on Day 8, 

response to both gentle and harsh tests significantly improved after 4 days of exposure when the 

tests were conducted on Day 12 (see Fig. 4.6, Panels A and E). At Day 18, our Pro-Aꞵ Aggr. had 

significantly improved response after 2 days of exposure to the combination of TRA and CBD 

(see Fig. 4.6, Panels C and G). The Pro-Tau Aggr. had significantly improved response for harsh 

touch test at Day 18 after a 2-day exposure (see Fig. 4.6, Panel H), but did not significantly 

improve response to the gentle touch test after a 2-day exposure (see Fig. 4.6, Panel D). 
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Figure 4.6.  Gentle Touch Test and Harsh Touch Test Responses of Synchronous Tau and Aꞵ to 

Combinational Drug-Treated NGM Agar Plates 

 

Note. Touches were repeated and scored as 100% response if C. elegans expressed both forward 
and backward fleeing. Statistical analyses were performed using paired t-test. Pro-Aꞵ Aggr. 
strains (n = 120), Anti-Aꞵ Aggr. (n = 120), Pro-Tau Aggr. strains (n = 120), and Anti-Tau Aggr. 
(n = 120).  
*p < 0.05. 
**p < 0.01. 
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Figure 4.6 presents the findings of the gentle and harsh touch tests conducted on the 

nematodes exposed to combinational treatments of 10 µM CBD and 100 µM TRA. Panel A 

presents the results of the gentle touch test on Aꞵ model C. elegans exposed to the combinational 

treatment on Day 8 and then tested on Day 12. The results of this gentle touch test on Tau model 

C. elegans on AVB and PVC interneurons exposed to the combinational treatment on Day 8 and 

tested on Day 12 are shown on Panel B. The gentle touch test results for Aꞵ model C. elegans on 

AVB and PVC interneurons exposed to the combination of TRA and CBD on Day 16 and tested 

on Day 18 are shown on Panel C. Please see Panel D for the results of the gentle touch test on 

Tau model C. elegans on AVB and PVC interneurons exposed to the combinational TRA and 

CBD treatment on Day 16 and tested on Day 18. 

The harsh touch test results were as follows. For Aꞵ model C. elegans on AVB and PVC 

interneurons exposed to the combination of TRA and CBD on Day 8 and tested on Day 12, see 

Panel E. For Tau model C. elegans on AVB and PVC interneurons exposed to the combination 

of TRA and CBD on Day 8 and tested on Day 12, see Panel F. For Aꞵ model C. elegans on AVB 

and PVC interneurons exposed to the combinational treatment on Day 16 and tested on Day 18, 

see Panel G. And finally, for Tau model C. elegans on AVB and PVC interneurons exposed to 

the combination of TRA and CBD on Day 16 and tested on Day 18, see Panel H. 
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CHAPTER 5 

LONGEVITY ASSAY 
 
 
 

5.1 Chapter Introduction 

Alzheimer’s disease is a condition that decreases the overall lifespan of the individual 

(Zanetti et al., 2009). We tested the life expectancy of our AD-modeled nematodes utilizing 96-

well adopted from the Petrascheck lab (Solis & Petrascheck, 2011). We first analyzed the 

lifespan of the nematodes using isolated doses of TRA and CBD. The nematode day of treatment 

included full-life treatment, Day 8 treatment, and Day 16 treatment. The decision to dose the 

nematodes for full-life, Day 8, and Day 16 was based on the dates of behavioral deficits and 

aggregation peak (Fong et al., 2016), meaning Day 8 treatment would reveal the interactions of 

our drugs prior to Aβ aggregation, and Day 16 would reveal potentiation for late-stage rescue. 

5.2 Longevity Assay Results 

The results of the longevity assay are fully presented on Figures 5.1 and 5.2. As stated in 

Section 3.5 of the methodology, the worms were placed into a 96-well and counted every 3–5 

days to see if they were alive or not; worms were counted until all had died. Survival statistics 

were run using Mantel–Cox test and the results of the isolated TRA and CBD treatments were 

compared to those of the vehicle treatment.  

The findings regarding TRA (see Fig. 5.1) were as follows. Panel A of the figure shows 

the full-life TRA treatment lifespan results for Anti-Aꞵ Aggr. C. elegans. Survival statistics were 

run using Mantel–Cox test, which found a significant effect of p < 0.01 for the 50 µM and 100 

µM TRA treatments. On Panel B, full-life TRA treatment lifespan results on Pro-Aꞵ Aggr. C. 

elegans are presented. Mantel–Cox test found p < 0.05 for the 100 µM TRA treatment. Panel C 
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presents the lifespan results on Day 8 of TRA treatment for Anti-Aꞵ Aggr. C. elegans; no 

significant difference was observed between vehicle and treatment groups. The Day 8 TRA 

treatment lifespan results on Pro-Aꞵ Aggr. C. elegans are presented on Panel D. Mantel–Cox test 

found p < 0.0001 for the 100 µM TRA treatment. On Panel E, the results for Day 16 TRA 

treatment lifespan for Anti-Aꞵ Aggr. C. elegans are shown. The results on Day 8 for the TRA 

lifespan treatment on Pro-Aꞵ Aggr. C. elegans using Mantel–Cox test found p < 0.0001 for the 

100 µM TRA (see Panel F). Panel G presents the data on full-life TRA treatment on Anti-Tau 

Aggr. C. elegans. The data on the full-life TRA treatment lifespan results on Pro-Tau Aggr. C. 

elegans are presented on Panel H; the Mantel–Cox test found p < 0.01 for both 25 µM TRA and 

50 µM TRA. On Panel I, Day 8 TRA treatment lifespan results on Anti-Tau Aggr. C. elegans are 

presented; Mantel–Cox test found p < 0.05 for 100 µM TRA. The Day 8 TRA treatment lifespan 

results on Pro-Tau Aggr. C. elegans statistics are shown on Panel J; Mantel–Cox test found p < 

0.05 for 25 µM TRA and p < 0.001 for 100 µM TRA. Next, on Panel K, Day 16 TRA treatment 

lifespan results on Anti-Tau Aggr. are shown. Finally, Panel L presents the Day 16 TRA 

treatment lifespan results on Pro-Tau Aggr. C. elegans; Mantel–Cox test found p < 0.01 for 50 

µM TRA and p < 0.0001 for 100 µM TRA. The data suggest that the neurodegenerative strains 

lived longer with different doses at all times of exposure.  
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Figure 5.1. Longevity Analysis of Varying Dosages of TRA on All Nematode Strains  

 

Note. Results are presented as a Mantel–Cox test. Black arrow indicates time at which doses were given. Nematodes were fed once a 
week on 10 mg/mL E. coli OP50. The ~n = 10 per well (in three separate wells). The controls registered no change and therefore no p-
values are indicated for Panels C, E, G, K. Based on the dosage and as described in the associated narrative, some panels involve more 
than one p-value. P-values for each panel are:  
p < 0.05: Panels B, I, and J. 
p < 0.01: Panels A, H, and L. 
p < 0.001: Panel J. 
p < 0.0001: Panels D, F, and L. 
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This section will describe the data presented on Figure 5.2, which shows the lifespan 

results for CBD. As with the TRA longevity assay, worms (total of ~n = 30, 10 in each of three 

separate wells) were placed into a 96-well and were fed 10 mg/mL E. coli OP50. The nematodes 

were then counted every 3–5 days to see if they were alive or not. Worms were counted until all 

had died. Statistics were run using Mantel–Cox test to compare to the vehicle treatment. 

1. Panel A shows full-life CBD treatment lifespan results on Anti-Aꞵ Aggr. C. elegans.  

2. Panel B shows full-life CBD treatment lifespan results on Pro-Aꞵ Aggr. C. elegans. 

Mantel–Cox test found p < 0.01 for 10 µM CBD treatment.  

3. Panel C shows Day 8 CBD treatment lifespan results on Anti-Aꞵ Aggr. C. elegans.  

4. Panel D shows Day 8 CBD treatment lifespan results on Pro-Aꞵ Aggr. C. elegans. 

Mantel–Cox test found p < 0.001 for 1µM CBD, p < 0.01 for 5 µM CBD, and p < 

0.0001 for 10 µM CBD.  

5. Panel E shows Day 16 CBD treatment lifespan results on Anti-Aꞵ Aggr. C. elegans.  

6. Panel F shows Day 16 CBD treatment lifespan results on Pro-Aꞵ Aggr. C. elegans. 

Mantel–Cox test found p < 0.01 for 5µM CBD and p < 0.0001 for 10µM CBD.  

7. Panel G shows full-life CBD treatment lifespan results on Anti-Tau Aggr. C. elegans.  

8. Panel H shows full-life CBD treatment lifespan results on Pro-Tau Aggr. C. elegans. 

Mantel–Cox found p < 0.05 for 1 µM CBD, p < 0.05 for 5 µM CBD, and p < 0.0001 

10 µM CBD.  

9. Panel I shows Day 8 CBD treatment lifespan results on Anti-Tau Aggr. C. elegans.  

10. Panel J shows Day 8 CBD treatment lifespan results on Pro-Tau Aggr. C. elegans. 

Mantel–Cox test found compared to vehicle treatment p < 0.001 for 1 µM CBD and p 

< 0.05 5 µM CBD.  
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11. Panel K shows Day 16 CBD treatment lifespan results on Anti-Tau Aggr. C. elegans. 

Mantel–Cox test found compared to vehicle treatment p < 0.05 for 10 µM CBD.  

12. Panel L shows Day 16 CBD treatment lifespan results on Pro-Tau Aggr. C. elegans. 

Mantel–Cox test found compared to vehicle treatment p < 0.05 for 5 µM CBD. 

From this study, we found that not only was CBD not toxic, at certain doses it was 

beneficial for varying time points of exposure.  
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Figure 5.2.  Longevity Analysis of Varying Doses of CBD on all Nematode Strains 

 

Note. Results are presented as a Mantel–Cox test. Black arrow indicates time at which doses were given. Nematodes fed once a week 
on 10 mg/mL E. coli OP50. The ~n = 10 per well (in three separate wells). Some panels reflect more than one p-value and some 
panels reflect that no change was found.   
p < 0.05: Panels H, J, K, and L.  
p < 0.01: Panels B, D, and F. 
p < 0.001: Panels D and J. 
p < 0.0001: Panels D, F, and H.  

 

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

0 10 20 30 40

0

25

50

75

100

Time (Days)

%
 A

li
v
e

Anti-Tau Aggr. Anti-Tau Aggr. Anti-Tau Aggr.Pro-Tau Aggr. Pro-Tau Aggr. Pro-Tau Aggr.

Anti-Aβ Aggr. Anti-Aβ Aggr. Anti-Aβ Aggr.Pro-Aβ Aggr. Pro-Aβ Aggr. Pro-Aβ Aggr.

A. B. C. D. E. F.

G. H. I.J. K. L.



39 

CHAPTER 6 

LC-MS/MS EXPERIMENTATION 
 
 
 

6.1 Chapter Introduction 

LC-MS/MS experimentation is widely used for many experiments and serves to verify 

both organic structure presence and investigate proteomics (Cabreiro et al., 2013). The purpose 

of utilizing LC-MS/MS for our research was to verify the presence of TRA and CBD in our 

nematodes. While vehicle treatments were used for all of our experiments, we believed that 

utilizing the LC-MS/MS machine would be a better method to validate the presence of drugs in 

the nematodes. We also believed that utilizing LC-MS/MS would open the door to further 

analyzing what metabolites were present in the nematodes. Unfortunately, identification of the 

drugs was more complicated than predicted. The issues encountered in the studies were primarily 

due to pellet size, washes, and the time it would take to analyze these models.  

6.2 Conformation of TRA and CBD Using LC-MS/MS 

In the first attempt at analyzing the presence of both CBD and TRA within the pellet, 

nematodes on NGM agar plates were treated with 10 µM CBD and 100 µM TRA. A pellet of 

nematodes was then collected after 1 day. The days the pellets were collected were correlated 

with the days of treatment for the longevity experiments. It was important to ensure that the drug 

made its way inside the nematode and that what was being analyzed was not in the pellet. Once 

the exposure time elapsed on the first attempt, nematodes were collected with autoclave water 

and centrifuged twice at 2000 rpm with fresh autoclaved water. The centrifuge’s washes were 

incorporated into the analysis and it was determined both CBD and TRA were present in the 

wash, potentially contaminating our results. Figures 6.1–6.16 present the findings of the first 
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attempt of this experiment; we were unable to identify that the organic structures were inside the 

pellet due to the amount of substance still found in the washes. After extraction, the sample was 

run through a Kinetex 2.6 µm Phenyl-Hexyl LC column. We were unable to identify organic 

structures in the pellet because the washes had high levels of compounds (see Figs. 6.5–6.6); 

therefore, since both drugs were found in the pellet-exposed wash, it cannot be confirmed that 

what we found in the pellet were not essentially compounds located on the external of the C. 

elegans. Due to this finding, we hypothesized that utilizing PBS for washes and increasing the 

washes to 25 centrifuges would completely clear both TRA and CBD from the wash, allowing us 

to successfully assess the amount of the compounds internal to the C. elegans pellet. 
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Figure 6.1.  Chromatogram of Pellet Exposed to DMSO for 1 Day: Conformation of CBD 

Presence 

 

Note. Figure 6.1(a) is the analysis of CBD whereas Figure 6.1(b) is the internal standard. One-
day of exposure to the pellet shows no CBD found in the pellet. 
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B
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Figure 6.2. Chromatogram of Pellet Exposed to DMSO for 1 Day: Conformation of TRA 

Presence  

 

Note. Figure 6.2(a) is the analysis of TRA whereas Figure 6.2(b) is the internal standard. One 
day of exposure shows no TRA found in the pellet. 
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A
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Figure 6.3.  Chromatogram of Pellet Exposed to 100 µM TRA and 10 µM CBD for 1 Day: 

Conformation of CBD Presence  

 
Note. Figure 6.3(a) is the analysis of CBD whereas Figure 6.3(b) is the internal standard. One 
day of exposure to the pellet shows both CBD and internal standard in the pellet extraction. 
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Figure 6.4.  Chromatogram of Pellet Exposed to 100 µM TRA and 10 µM CBD for 1 Day: 

Conformation of TRA Presence 

 
Note. Figure 6.4(a) is the analysis of TRA whereas Figure 6.4(b) is the analysis of the internal 
standard. One day of exposure to the pellet shows both TRA and internal standard in the pellet 
extraction. 
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Figure 6.5.  Chromatogram of First Wash Exposed to 100 µM TRA and 10 µM CBD for 1 Day: 

Conformation of CBD Presence 

 
Note. Figure 6.5(a) is the analysis of CBD whereas Figure 6.5(b) is the internal standard. One 
day of exposure to the wash shows both CBD and internal standard in the pellet extraction.  
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Figure 6.6.  Chromatogram of First Wash From Pellet Exposed to 100 µM TRA and 10 µM 

CBD for 1 day: Conformation of TRA Presence   
 
Note. Figure 6.6(a) is the analysis of TRA whereas Figure 6.6(b) is that of the internal standard. 
One day of exposure to the wash shows both TRA and internal standard in the wash extraction.  
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Figure 6.7.  Chromatogram of Pellet Exposed to DMSO for 8 Days: Conformation of CBD 

Presence 

 
Note. Figure 6.7(a) is the analysis of the CBD whereas Figure 6.7(b) is that of the internal 
standard. Eight days of exposure to the pellet shows no CBD. 
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Figure 6.8.  Chromatogram of Pellet Exposed to DMSO for 8 Days: Conformation of TRA 

Presence 

 

Note. Figure 6.8(a) is the analysis of the TRA whereas Figure 6.8(b) is that of the internal 
standard. After 8 days of exposure to the pellet, no TRA was found in the pellet. 
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Figure 6.9.  Chromatogram of Pellet Exposed to 100 µM TRA and 10 µM CBD for 8 Days: 

Conformation of CBD Presence 
 
Note. Figure 6.9(a) is the analysis of the CBD whereas Figure 6.9(b) is that of the internal 
standard. One day of exposure to the pellet shows both the CBD and the internal standard in the 
pellet extraction. 
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Figure 6.10. Chromatogram of Pellet Exposed to 100 µM TRA and 10 µM CBD for 8 Days: 

Conformation of TRA Presence 
 
Note. Figure 6.10(a) is the analysis of TRA whereas Figure 6.10(b) is that of the internal 
standard. Eight days of exposure to the pellet shows both TRA and internal standard in the pellet 
extraction. 
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Figure 6.11. Chromatogram of Wash Exposed to 100 µM TRA and 10 µM CBD for 8 Days: 

Conformation of CBD Presence 

 
Note. Figure 6.11(a) is the analysis of CBD whereas Figure 6.11(b) is that of the internal 
standard. Eight days of exposure to the pellet found no CBD in the wash, but the internal 
standard is present in the wash extraction. 
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Figure 6.12. Chromatogram of First Wash Exposed to 100 µM TRA and 10 µM CBD for 1 Day: 

Conformation of TRA Presence 

 
Note. Figure 6.12(a) is the analysis of TRA whereas Figure 6.12(b) is that of the internal 
standard. Eight days of exposure shows both TRA and internal standard in the wash extraction.  
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Figure 6.13. Chromatogram of Pellet Exposed to DMSO for 16 Days: Conformation of CBD 

Presence 

 

Note. Figure 6.13(a) is the analysis of CBD whereas Figure 6.13(b) is that of the internal 
standard. Sixteen days of exposure to the pellet shows no CBD found in the pellet but the 
internal standard is present. 
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Figure 6.14. Chromatogram of Pellet Exposed to DMSO for 16 Days: Conformation of TRA 

Presence 

 

Note. Figure 6.14(a) is the analysis of TRA whereas Figure 6.14(b) is that of the internal 
standard. Sixteen days of exposure to the pellet does not show TRA in the pellet, but the internal 
standard is present. 

 

  

A

(a) 

B

(b) 



55 

 

 

Figure 6.15. Chromatogram of Pellet Exposed to 100 µM TRA and 10 µM CBD for 16 Days: 

Conformation of CBD Presence 

 
Note. Figure 6.15(a) is the analysis of CBD whereas Figure 6.15(b) is that of the internal 
standard. Sixteen days of exposure to the pellet shows both CBD and internal standard in the 
pellet extraction.  
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Figure 6.16. Chromatogram of Pellet Exposed to 100 µM TRA and 10 µM CBD for 16 Days: 

Conformation of TRA Presence 

 

Note. Figure 6.16(a) is the analysis of TRA whereas Figure 6.16(b) is that of the internal 
standard. Sixteen days of exposure to the pellet shows both TRA and internal standard in the 
pellet extraction. 
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Figure 6.17. Chromatogram of Wash Exposed to 100 µM TRA and 10 µM CBD for 16 Days: 

Conformation of CBD Presence 

Note. Figure 6.17(a) is the analysis of CBD whereas Figure 6.17(b) is that of the internal 
standard. Sixteen days of exposure to the pellet shows no CBD found in the wash but shows the 
internal standard is present.  
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Figure 6.18. Chromatogram of Wash Exposed to 100 µM TRA and 10 µM CBD for 16 Days: 

Conformation of TRA Presence 

 
Note. Figure 6.18(a) is the analysis of TRA whereas Figure 6.18(b) is that of the internal 
standard. After 16 days of exposure to the pellet, both TRA and the internal standard are found in 
the extraction.  
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Figure 6.19. Chromatogram of Pellet Exposed to 100 µM TRA and 10 µM CBD for 1 Day: 
Conformation of CBD Presence 

 
Note. This pellet, unlike those represented in the previous figures (Figs. 6.1–6.18), was 
centrifuged 25 times using PBS. Figure 6.19(a) is the analysis of CBD whereas Figure 6.19(b) is 
that of the internal standard. After 1 day of exposure, the pellet does not contain CBD but 
internal standard is present in the pellet extraction. 

 

 

  

A

(a) 

B

(b) 



60 

Figure 6.20. Chromatogram of Pellet Exposed to 100 µM TRA and 10 µM CBD for 1 Day: 

Conformation of TRA Presence 
 
Note. This pellet, unlike those represented in Figures 6.1–6.18, was centrifuged 25 times using 
PBS. The pellet shows TRA found in the wash; the internal standard is also present. 
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Figure 6.21.  Chromatogram of 1 mL Wash Centrifuged 25x From Exposure to 100 µM TRA 

and 10 µM CBD for 1 Day: Conformation of CBD Presence 

 
Note. Figure 6.21(a) is the analysis of CBD whereas Figure 6.21(b) is that of the internal 
standard. After 1 day of exposure, no CBD is found in the 25th wash but the internal standard is 
present.   
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Figure 6.22. Chromatogram of 1 mL 25th Wash From Exposure to 100 µM TRA and 10 µM 

CBD for 1 Day: Conformation of TRA Presence   
 
Note. Figure 6.22(a) is the analysis of TRA whereas Figure 6.22(b) is that of the internal 
standard. Because of errors in the extraction processes, resulting poor peak performance 
indicates it was not possible to confirm the presence of organic structures.  
 
 

 
 
6.3  Results from LC-MS/MS on Internal Levels of CBD and TRA Conformation 

 
It was hypothesized that increasing the washes would completely clear both TRA and 

CBD from the external side of the C. elegans, allowing for assessment of the internal levels of 
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both compounds. It was also hypothesized that not diluting the acetonitrile with water resulted in 

poor peak graphs shown in Figure 6.21. Also, the analysis of these washes was inconsistent as 

CBD was not present in the 25th pellet wash (see Fig. 6.22). We were not able to confirm the 

presence of organic structures in pellets because organic structures were identified in washes. 

Due to time constraints, it was not possible to optimize this protocol, but it is believed this could 

be a promising route in drug discovery and identification in nematode models. 
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CHAPTER 7 

SUMMARY OF FINDINGS 
 
 
 

7.1 Model Organism and Compounds of Interest 

Alzheimer’s disease has been characterized by the proliferation of both Aβ1-42 and p-Tau 

within the brain (Ritchie et al., 2017). This disease currently has no cure and the strategy of 

previous therapeutics has been to directly target the Aβ1-42 misfolded protein and increase the 

neurotransmitter acetylcholine (“Aducanumab (Aduhelm) for Alzheimer’s disease,” 2021; Birks 

& Harvey, 2018). In this study, we propose a therapeutic model that utilizes transgenic C. 

elegans as a model organism to investigate the role of a drug-stacking treatment with known 

compounds to target the eIF2-ɑ-p and act as an ROS scavenger for AD (Halliday et al., 2017; 

Moreno et al., 2013; Tonnies & Trushina, 2017; Zhang et al., 2022). We hypothesized stacking 

two compounds with these characteristics would improve overall lifespan and quality of life for 

the nematodes. We found that both TRA and CBD in isolation increased lifespan (see Figs. 5.1–

5.2). 

The C. elegans models utilized for this study had either accumulated Aβ1-42 or p-Tau. The 

first strain, Pro-Aβ Aggr., was engineered to express Aβ1-42 by injecting human minigene Aβ1-42 

into the nematode to express Aβ1-42 in the neurons (Fong et al., 2016). The second strain, Pro-Aβ 

Aggr., represented the control as it is genetically identical to our Wild Type, only differing by 

the presence of a YFP pharyngeal protein marker (Fong et al., 2016). The second 

neurodegenerative nematode, Pro-Tau Aggr., was engineered through a process of double-

crossing two separate C. elegans, which had mutated K280 deletion and MAPT V337M 

(Fatouros et al., 2012). Both deletion of K280 and point mutation MAPT are crucial for the 
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formation of Tau mutation in this protein, which results in the misfolding of the protein and has 

been associated with neurodegenerative disorders (Spina et al., 2017; Strang et al., 2019). The 

culmination of these two deleterious genes results in the manifestation of p-Tau in the GABAeric 

motor neurons of our nematode model. The control strain used in our tau model was the Anti-

Tau Aggr. C. elegans mutant, which was designed by double-crossing mutants resulting in a 

double knockout of K280 and V337M MAPT (Fatouros et al., 2012).  

The two compounds we used for the drug-stacking treatment were trazadone and 

cannabidiol. TRA has been shown to target the UPR in neurodegenerative mice models by 

inhibiting the phosphorylation of the eIF2-ɑ-p pathway (Halliday et al., 2017). We hypothesized 

from this evidence that targeting this pathway could ameliorate the lifespan and quality of life of 

AD-model C. elegans by targeting eIF2-ɑ-p under chronic aggregation of both p-Tau and Aβ1-42 

(Halliday et al., 2017; Moreno et al., 2013; Mori, 2000). In a controlled trial looking at 

frontotemporal dementia patients supplemented with TRA, researchers found that the severity of 

symptoms in 50% of p-Tau-related patients decreased (Lebert et al., 2004). In addition, 

researchers have found that in neurodegenerative C. elegans with Tau-related disorders that TRA 

was a promising compound for motility of Tau mutants (Wood, 2017). The abundant data on the 

properties of TRA made it an excellent candidate for the purposes of our studies utilizing 

transgenic nematodes.  

The second drug of interest, CBD, while mechanistically still not well-established, 

became a strong second candidate for use in drug-stacking treatments. The benefits of using 

CBD include, but are not limited to, the wide therapeutic index of the drug and the pre-existing 

receptors in the nematode model (Millar et al., 2019). In addition, the utilization of CBD 

previously has been administered to AD-modeled mice where the findings noted a reversal in 
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cognitive deficits (Cheng et al., 2014). The final piece of information we required to recruit this 

compound for our drug-stacking treatments was confirmation that C. elegans actually has the 

endogenous cannabinoid receptors 2-AG and AEA and that the literature establishes it as 

relatively non-toxic (Oakes et al., 2017). Additionally, CBD has been administered to C. elegans 

and both heat stress response and longevity were analyzed to deduce the efficacy in the 

observable toxicity of nematodes in the 0.4 µM to 4 mM range (Land et al., 2021). As previously 

mentioned, we believe that utilizing TRA and CBD in a drug-stacking therapy for 

neurodegenerative C. elegans could be promising due to the unique properties of TRA in 

targeting the UPR and of CBD as an ROS scavenger (Halliday et al., 2017; Zhang et al., 2022).  

7.2 Determination of Dosages for Each Compound 

In order to deduce what dosage(s) would be most effective for our nematode models, 

non-synchronous adults were subjected to a neuronal integrity test. The test was set up by having 

all strains of nematodes live on a plate that contained varying doses of TRA or CBD for 1 week. 

Following this 1-week exposure, adult nematodes were then touched using an eyelash on both 

the anterior and posterior dorsal sides. A normal, healthy response would represent itself as the 

nematode's ability to flee from both stimuli. The forward fleeing and backward fleeing family of 

interneurons had repeated touches due to research citing multiple touches and observing 

movement as a better way to observe neuronal integrity (McClanahan et al., 2017). Fleeing from 

both stimuli was regarded as a 100% response. If the nematodes only fled from one or neither 

stimuli the response was recorded as 0%. From this assay we discovered that for our AD-

modeled strains, the most promising dosages of TRA were 100 µM and 200 µM (see Fig. 4.1, 

Panels A and B). For CBD, the most promising doses were 5 µM and 10 µM (see Fig. 4.1, Panel 
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C). The finding regarding the dose of 10 µM is confirmed by the findings of Land et al. (2021), 

in relation to extending the lifespan of C. elegans. 

Once we deduced the two most promising doses for each drug, we then created NGM 

agar plates which had both 100 µM TRA and 10 µM CBD. Regarding the timing of treatment, 

we referenced the paper from the engineers of the Aβ1-42 as a guideline for time of exposure 

(Fong et al., 2016). According to the researchers, they noted that the nematodes are middle-aged 

on Day 8, and with western blot data, peak concentration of the misfolded protein aggregation 

occurs on Day 12 (Fong et al., 2016). To obtain a complete picture of treatment, we treated 

nematodes on Day 1 and repeated the touch test on Day 7; treated nematodes on Day 8 and 

repeated the touch test on Day 12; and then treated on Day 16 and repeated the touch test on Day 

18 (see Fig. 4.6). By spreading out the times of treatment, we were able to analyze full-life, 

middle-age, and late-stage rescue. 
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Figure 7.1. CDC-Developed Lifespan Comparison: Pro-Aꞵ Aggr. and Human Being 

 
Note. This figure depicts the parallel stages of aging between Gru102 C. elegans (Pro-Aβ Aggr.) 
and a human being. Developed using information from Fong et al. (2016). Image created by 
author using BioRender.  

 
 
 
 
With full-life exposure to the combination of treatments, all of our control and 

experimental models were not significantly changed compared to vehicle treatment at Day 7 (see 

Figs. 4.2–4.5). We hypothesize this is due to the fact that the aggregation of these proteins had 

not reached a point where it was deleterious to the nematodes (Brignull et al., 2007). This is 

again supported by the engineers of the Aβ1-42, who state there are no phenotypic changes seen 

until Day 8 (Fong et al., 2016). However, at both mid-life and late-stage, we began to see 
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promising results. Our data suggests that neuronal integrity is improved in Pro-Aꞵ Aggr. and 

Pro-Tau Aggr. strains by our drugs of interest (see Figs. 4.1 and 4.6). For our control strains, the 

touch test employed on both Day 12 and Day 18 showed no significant effect (see Fig. 4.6). 

However, for both Pro-Tau Aggr. and Pro-Aβ Aggr., there were significant effects to motility 

response on both Day 12 and Day 18 touch tests for our treatments when compared to vehicle 

(see Fig. 4.6). While the experimental models did not reach the response level seen in control 

strains, this was encouraging data that pointed to the combination of TRA and CBD being an 

effective agent regarding neuronal integrity as represented by motility response.   

7.3 Analysis of Longevity Assay 

Due to the short lifespan of the nematodes and the previously mentioned days of interest, 

we utilized 96-well Microtiter plates to analyze the lifespans in the presence of the compounds 

(Cornwell & Samuelson, 2020; Fong et al., 2016; Solis & Petrascheck, 2011; Urban et al., 2021). 

While there are some notable limitations involved in utilizing nematodes in a survival analysis as 

compared to other mammals—due to their less complex anatomy—utilizing this assay proved 

advantageous for deducing beneficial concentrations of each drug (Wang et al., 2019). As 

discussed in Section 3.4.2, for this assay we first synchronized nematodes utilizing a bleach and 

sodium hydroxide solution and the following day plated the nematodes in the 96-well plate. We 

again used full-life, middle-age, and late-stage rescue days as a benchmark for accessing the 

potential benefits of the compounds. It should be noted that the drug Floxuridine (FUdR) was 

given at 50 µM on Day 3 due to its ability to inhibit the progenerating of nematodes so we could 

be assured that the nematodes counted were not new ones that potentially hatched in the well 

(Park et al., 2017; Solis & Petrascheck, 2011). Furthermore, FUdR has been found to extend 

nematode lifespan and researchers should be diligent when analyzing compounds for age 
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extension that the effect is from the compounds of interest and not from Floxuridine (Wang et 

al., 2019). To ensure what was being analyzed was not due to FUdR, all vehicle treatments were 

also treated with 50 µM FUdR. In this project, we first wanted to observe how the individual 

drugs acted on the nematodes. We investigated TRA at 25 µM, 50 µM, and 100 µM 

concentrations, whereas with CBD we investigated 1 µM, 5 µM, and 10 µM. Dosages used to 

improve neuronal integrity also improved lifespan in multiple models of C. elegans. 

Surprisingly, our Anti-Tau Aggr. control model showed significantly improved lifespan at higher 

doses of 10 µM CBD and 25 µM, 50 µM, and 100 µM TRA (see Fig. 5.1). One factor that might 

have contributed to this is that knocking out MAPT may result in some deleterious effects on 

both motility and musculature integrity (Goncalves et al., 2020). It seems that for late stage 

rescue, the dose of CBD needs to be increased up to 10 µM and TRA increased to 100 µM (see 

Fig. 5.2). This is to be expected due to the nature of the accumulation of the misfolded proteins 

and the degradation of cellular stress that follows (Chaudhuri & Paul, 2006). We are currently 

working on both repeating this experiment and implementing triplicate studies analyzing the 

combination of 10 µM CBD and 100 µM TRA at the same time points for lifespan analysis. 

7.4 Immunofluorescence 

One of the questions relating to AD is whether the misfolding of proteins is responsible 

for or a symptom of the disease. To attempt to answer this question, we utilized the nematodes 

from the touch test and stained them with various protein markers, using two separate 

antibodies—one for p-tau and one for Aβ1-42. To have confirmation that this assay worked, we 

utilized DAPI as a morphological marker. The first antibody we used was AT270 

(ThermoFisher), a phospho-Tau marker that was analyzed at Threonine 181, site of the amino 

acid sequence (Lewczuk et al., 2004). The second marker used was beta-Amyloid (1-42) 
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polyclonal antibody (ThermoFisher), which marked the 36-42 C-terminal region that has also 

been associated with AD (Citron et al., 1996).  

To tag the nematodes, we first used a technique called "snap freeze" to break the chitin, a 

hard shell surrounding their bodies that antibodies cannot penetrate unless it is broken. Chitin 

also makes nematode bodies resistant to staining (Duerr, 2013). For AT270 we used a 1:2000 

ratio, for the beta-Amyloid (1-42) polyclonal antibody we used a 1:400 ratio, and for DAPI we 

used a 1:2000 ratio. Both antibodies were left on the nematodes overnight at 4 ℃. The worms 

were stained with DAPI for 3 min at room temperature.  

7.5 Limitations 

This research was geared toward drug-stacking treatments with known UPR pathway 

agonists and ROS scavengers on AD-model organisms (Halliday et al., 2017; Moreno et al., 

2013; Zhang et al., 2022). It should be noted that the models we used only expressed one of the 

two aforementioned misfolded proteins. While there are homologs presented in C. elegans, 

nematodes as a whole are not the best representations for mammals afflicted with the disease due 

to their simple anatomy (Tissenbaum, 2015). Another potential limitation is the mixed response 

to the Pro-Tau Aggr. strain and its specific mutations—K280 deletion and MAPT V337M—have 

been associated with frontal temporal dementia, which can be misdiagnosed as AD (Spina et al., 

2017). As far as the experimental design, one limitation is related to the immunofluorescence 

assay. This issue is related to the potential that the C. elegans can be damaged when the method 

of freezing the nematodes and cracking them open is employed. There is a possibility that 

structures can be damaged if the protocol is done incorrectly and therefore the method might not 

obtain the best representation of the proteins present (Duerr, 2013).  
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Our investigations utilizing LC-MS/MS did not confirm the presence of organic 

structures inside the nematode pellet because of the presence of organic structures in the washes. 

It is hypothesized that this is both due to the size of the pellets and the concentrations used for 

the treatments. Most pellets for all exposure dates were extremely small, weighing no more than 

0.4 mg/15 mL. Adding centrifugation and washing decreased the overall size of the pellet. 

Literature regarding optimal tissue sample size indicate a minimum of 1 mg/mL (Wilson et al., 

2010). Moreover, even only 10 µM of CBD and 100 µM TRA took approximately 25 

centrifugation washes to completely clear (see Figs. 6.21–6.22). However, while TRA was found 

in the pellet, CBD was not (see Fig. 6.19).  

Finally, one of the biggest limitations is related to the timing of treatment of the Pro-Tau 

Aggr. strain, because the times at which the nematodes were dosed were based on the aging 

process of the Aβ1-42 strain rather than a specifically established one for the Tau model (Fong et 

al., 2016). Because of this, our experimental model may have been optimized for our Pro-Aβ 

Aggr strain but not our Pro-Tau Aggr. strain.  

7.6 Future Studies 

Currently, we are working on producing longevity data with combinational treatments of 

10 µM CBD and 100 µM TRA. We are also collecting triplicate IFA results from combinational 

treatments to assess the various timepoints of treatment and accumulation of misfolded proteins. 

The mechanism of how CBD works is not well-established. It has been shown that CBD has 

been implicated to act on Nrf-2, activating the antioxidant response element (ARE) and 

inhibiting NF-kB through PPARᵧ (Esposito et al., 2011; O’Sullivan, 2016). One of our goals is to 

deduce the potential pathway of CBD by acquiring mutant C. elegans that are hypomorphic for 

Nrf-2. We will deduce if CBD acts independently as an ROS scavenger or activates Nrf-2 
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following UV exposure. To implement this study, we recruited the ID1 mutant C. elegans strain, 

which is genetically engineered to roll in the presence of oxidative stress and glow green due to 

its Nrf-2 homolog, Skn-1, being activated (Wang et al., 2013). We believe that by implementing 

this model it will be possible to deduce both potential Nrf-2 activation in the presence of CBD 

and potential benefits of the drug to the organism when exposed to a stressor. This mutant 

nematode has been tagged with a GFP marker for its Nrf-2 homolog and we can therefore use 

fluorescence microscopy to qualitatively see how different treatments of both induction of ROS 

and CBD activate this pathway. Another way we intend to measure the presence of ROS in these 

mutant C. elegans is to incorporate Dihydroethidium (Thermo Fisher Scientific), a fluorescent 

dye that measures levels of ROS via a spectrophotometer (Maremonti et al., 2020)  

Another future direction would be to utilize a higher order animal model. We believe that 

canines would be a promising model of study, not only because of their increased complexity 

when compared to nematodes, but also because they contain certain pathways that nematodes do 

not, for example NF-kB. In addition to the similarities in canine development of 

neurodegeneration, there is a large body of evidence showing both the efficacy and 

pharmacodynamics of the two drugs we studied in canines. CBD is both very safe and cited as 

most beneficial through dermal treatment utilizing LC-MS/MS (Bartner et al., 2018). 

Furthermore, TRA has a long history of veterinary use and PKPD values have also been 

established (Jay et al., 2013). Moving toward higher order mammals would also be beneficial for 

this research due to the close similarities of human and canine cognitive dysfunction. 

Additionally the established doses and route of treatment for each compound in canines would 

require less optimization. The behavioral and longevity protocols to study the combination of 
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TRA and CBD would be both longer and much more complex, but would ultimately prove to be 

more translationally relevant. 

7.7 Conclusions 

We hypothesized that treatments of compounds known to both target the UPR and 

scavenge ROS would ameliorate C. elegans that expressed either p-Tau or Aβ1-42. To study these 

potentially beneficial effects of our drugs of interest, we examined a multitude of studies that 

measured neuronal integrity and longevity. We recruited two drugs that have been implicated to 

improve the overall quality of life in multiple models of Alzheimer’s disease.  

This study assessed the utilization of TRA and CBD in the AD nematode models that 

expressed Aβ1-42 or p-Tau. Our data support that both middle-aged and late-stage rescue utilizing 

doses of 10 µM CBD and 100 µM TRA significantly improved the neuronal integrity of the 

nematodes as assessed with a touch test assay (see Fig. 4.6). Doses of 5 µM and 10 µM of CBD 

and 25 µM, 50 µM, and 100 µM of TRA in isolation elongated the lifespan of our 

neurodegenerative C. elegans (see Figs. 5.1–5.2). Based on the survival analysis and neuronal 

integrity assay (see Fig. 4.6) both isolated treatments and combinational treatments of known 

URP-targeting and ROS-scavenging compounds may prove a unique avenue for treating 

Alzheimer’s disease. 

C. elegans differs from humans in many ways, however, it remains a beneficial model to 

study due to its shortened lifespan, homology to certain proteins, and fully mapped out 

connectome. From our work with the nematodes, we now have a better understanding of how 

both CBD and TRA affect the neuronal integrity and longevity of the animals at varying stages 

of life and times of exposure. Unlike previous publications studying Alzheimer’s modeled C. 

elegans, which looked at only one or the other of the two proteins of interest, our study included 
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both p-Tau and Aβ1-42. These findings obtained by researching nematodes can ideally be further 

implemented translationally in other models of Alzheimer’s disease.  
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LIST OF ABBREVIATIONS 
 
 
 

ACh acetylcholine 
AEA N-arachidonoyl-ethanolamine, anandamide 
ARE antioxidant response element 
AVA anterior ventral process A interneuron  
AVB anterior ventral process B interneuron 
AVD anterior ventral process D interneuron 
CBD Cannabidiol 
CYP Cytochrome 
DAPI 4′,6-diamidino-2-phenylindole 
DOI drug of interest 
FUdR Floxuridine 
LPS Lipopolysaccharide 
PVC posterior ventral process C interneuron 
ROS reactive oxygen species 
TRA Trazadone 
UPR unfolded protein response  
  

 


