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Abstract 
 
Insulin is a key hormone in the regulation of blood glucose levels in many animals. 

Dysfunctional insulin signaling is one of the leading mechanisms of interest for the 

pathogenesis of diabetes and Alzheimer’s disease (AD). Despite the claim of a link 

between diabetes and AD, the results in the literature have been incongruent. Some 

studies have claimed that insulin resistance is a major implication of AD, while others 

have reported that the risk is increased by excess insulin in the blood. Using the 

microscopic worm, Caenorhabditis elegans, we have developed a model to study the link 

between insulin signaling and AD pathologies, including changes in neuronal 

morphology and abnormal behaviour. Furthermore, we have examined the effects of 

hyperactive insulin signaling on the expression of the two characteristic proteins of AD, 

amyloid-beta and tau. By genetically modifying the key players of the insulin-signaling 

pathway and the 40 insulin-like peptides in C. elegans, we may be able to identify novel 

targets for the prevention or treatment of AD. In this research, we tested whether the 40 

insulin-like peptides are inhibitors or activators of the insulin-signaling pathway, based 

on the aforementioned phenotypes associated with AD. Alternatively, some of these 40 

insulin-like peptides may work through the non-canonical insulin-signaling pathway, 

with the potential of pointing us to novel genetic interactors. Our work has shown that of 

the 40 insulin-like peptides, some exacerbated AD-related pathologies, while others 

reduced them. Understanding the function of the components of the insulin-signaling 

pathway and the 40 insulin-like peptides in C. elegans may clarify the link between 

defective insulin signaling and AD and present novel treatment strategies for the disease.  
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Chapter 1. Introduction 
In 1906, the German physician and neurologist Dr. Alois Alzheimer treated a 

patient who experienced memory loss, paranoia, and psychological changes. After the 

patient’s death, Dr. Alzheimer found shrinkage in and around the brain cells during the 

autopsy. The name “Alzheimer’s disease” was subsequently coined in a 1910 medical 

book, written by Dr. Alzheimer’s colleague. It was not until the mid-1980s that the main 

markers of the AD brain, amyloid-beta protein and tau protein, were discovered. Today, 

more than a hundred years after Dr. Alzheimer’s initial findings, a cure for the disease 

has still not been found, while treatment strategies remain scarce and largely ineffective. 

Despite billions of dollars of funding and hundreds of research groups studying AD 

around the globe, it appears that very little progress has been made on this crippling 

disease.  

AD is a physically and mentally debilitating disease and is known for stripping a 

person of life’s most precious memories. There are approximately 50 million people 

affected by AD in the world, with nearly 10 million new cases every year. With one 

person being diagnosed every three seconds and no cure in sight, the number of people 

affected is expected to triple to 150 million, worldwide, by the year 2050. Scientists are 

racing against time to develop preventative measures and treatments for AD. 

AD is a highly complex condition and must be examined through various lenses 

from different perspectives. It is important to address the disease using approaches that 

range from cellular biology, biochemistry and pharmacology, as well as psychology and 

clinical. Without a clear understanding of the basic molecular pathways and single-gene 

functions, scientists will continue to struggle in trying to solve the AD problem. Here, we 
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use a relatively small and simple model organism, Caenorhabditis elegans, to study a big, 

complex disease. Our model uses the nematode to study the individual components of the 

insulin-signaling pathway and its effects on the key pathologies of AD. It is important to 

note here that although there is a clear conservation of cellular functions between worms 

and humans, they are nonetheless vastly distinct. Worms are not people, and for instance, 

do not have adaptive immune and circulatory systems. However, it is our hope that this 

model will answer some of the most basic, compelling and difficult questions associated 

with the insulin-signaling pathway and mechanisms of AD, and that our findings will 

contribute as small puzzle pieces in the AD mystery.  
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Chapter 2. Literature Review 
 
2.1 The molecular link between diabetes and Alzheimer’s disease is unclear  

Diabetes and Alzheimer’s disease (AD) are two of the leading causes of death 

globally. These diseases are affecting people of all ages and have serious implications on 

the global healthcare system. Although AD and other dementias generally occur in older 

individuals, diabetes has been increasingly common in younger populations. Emerging 

evidence suggests that there is a link between the two diseases. Patients with Type 2 

diabetes mellitus (T2DM) have a significantly higher risk of developing dementias such 

as AD (Butterfield et al. 2014; Jayaraman and Pike 2014; Mushtaq et al. 2015). Although 

there appears to be a correlation between the two diseases from extensive clinical 

research, it remains unclear whether there is a link between the two diseases on a 

molecular level. Liraglutide, a drug used to manage T2DM by binding to the same 

receptors as a hormone that stimulates insulin secretion, was found to have therapeutic 

roles for AD-related symptoms, including cognitive impairment reversal and attenuation 

of synaptic pathology (Batista et al. 2018). Under this drug, memory impairment induced 

by amyloid-beta oligomers and tau neurofibrillary tangles were also found to have 

decreased in specific brain regions (Batista et al. 2018). Cerebral glucose metabolism 

impairments were also reduced in AD patients under liraglutide treatment (Gejl et al. 

2016). Poor diets and high blood glucose levels are classically tied to obesity. There is a 

close association between lipid homeostasis and glucose regulation, where high levels of 

lipid can impact insulin secretion by the pancreatic beta cells (Salameh et al. 2016). 

Obesity is correlated with cognitive impairment, but the mechanistic relationship between 

these is not well-defined. For example, diets that are high in saturated fats and cholesterol 
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were found to increase levels of amyloid-beta and decrease insulin levels in the brain 

(Salameh et al. 2016), but it is unclear how one regulates the other. These findings 

propose that a closely-knit network of regulatory genes and pathways exists between fat 

metabolism, glucose levels, insulin signaling, and AD.  

Insulin is a key hormone in the regulation of blood glucose levels in many 

animals. Dysfunctional insulin signaling is one of the most studied and widely accepted 

theories in the pathogenesis of T2DM and AD. Diabetes arises when insulin is lacking or 

when the body is unable to effectively respond to insulin. In this pathological state, sugar 

levels in the blood cannot be properly regulated. Insulin is important in metabolism, fat 

storage, and organismal growth, but interestingly, it is also implicated in the 

pathophysiology of AD. Despite the claim of a link between diabetes and AD, the results 

have been incongruent in the literature. Some studies have claimed that insulin resistance 

is a major implication of AD (Bosco et al. 2011; Kim and Feldman 2015), while others 

have reported that the risk is increased by hyperinsulinemia (Luchsinger et al. 2004; 

Young et al. 2006; Luchsinger 2008). It was reported that brain-specific insulin resistance 

caused accelerated amyloid-beta protein production in mice (Mullins et al. 2017). 

However, other studies showed that AD-related pathologies were significantly more 

prevalent in mouse models and patients with hyperinsulinemia (Becker et al. 2012; Sajan 

et al. 2012). These conflicting findings suggest that insulin levels that deviate from 

wildtype, equilibrium levels, may be responsible for the symptoms of some 

neurodegenerative diseases. Regular levels of insulin were found to be neuroprotective 

against protein aggregation in both invertebrate and mammalian models (Duarte et al. 
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2008). However, disrupted insulin signaling caused by diabetes has been suggested to 

cause the progression of AD.  

Stanley et al. (2016) presented a thorough review that was valuable in considering 

the two sides of the age-old question of whether the changes in insulin and insulin 

signaling in AD is a cause or consequence. The first interpretation is that AD pathology 

causes the brain to become resistant to insulin. This triggers the body to compensate via 

hyperactive insulin signaling, causing a state of hyperinsulinemia. Increasingly referred 

to, by scientists, as “Type 3 diabetes”, this brain-specific insulin resistance may lead to 

further cognitive impairment and decline. The second interpretation is that 

hyperinsulinemia, caused by initial insulin resistance, further exacerbates AD pathology 

and cognitive decline. This interpretation suggests that hyperinsulinemia affects the 

expression of amyloid-beta and tau protein aggregation in ways that exacerbates the 

pathogenesis of AD. The overall theme and conclusion, or lack thereof, of this review, is 

that the existing data are polarized and difficult to interpret. For example, insulin levels in 

post-mortem AD brains were found to decline in some studies (Frölich et al. 1998), while 

they were undetectable in others. Similarly, there are mixed results in the levels of GSK3, 

a protein that regulates tau phosphorylation, in postmortem brains, where some studies 

show enhanced levels and others show decreased levels (Bhat et al. 2004; Schubert et al. 

2004; Kim et al. 2011). It appears that the only implicitly understood conclusion is that 

insulin signaling levels that are either too high or too low (i.e. deviate from equilibrium) 

may put the brain at risk of exacerbating AD pathologies. In light of the many 

contradicting results in the literature, the generally accepted view is that more thorough, 

longitudinal, and biomarker studies are needed to properly understand how levels of 
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insulin are linked to the progression of AD. There is currently no therapeutic for the 

treatment of T2DM-associated AD. There are only two classes of drugs, AChE inhibitors 

and NMDA receptor antagonists, which minimally alleviates the symptoms of the 

disease. The minimal effects of these drugs motivated us to determine potential genetic 

therapies that can target AD. This led us to studying some of the 40 insulin-like peptides 

of C. elegans, which may have therapeutic properties, and could be isolated and 

synthesized to reverse AD phenotypes in nematodes, mice, and even higher mammals.  

 

2.2 The insulin-signaling pathway and the 40 insulin-like peptides of C. elegans  

The insulin-signaling pathway (Figure 1) is evolutionarily conserved between 

species. Nonetheless, between humans and C. elegans, there are some compelling 

differences in the quantity and expressivity of insulin. Humans have ten insulin-encoding 

genes for insulin-like peptides, insulin growth factors, and relaxins. Alternatively, the 

nematode has 40 insulin-like peptide-encoding genes named from ins-1 to ins-39, and 

daf-28. Despite this striking difference in the number of insulin-encoding genes, there is 

only one known insulin receptor in C. elegans, called DAF-2.  
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Figure 1. A simplified insulin-signaling pathway of C. elegans, highlighting the components 
discussed or mentioned in this body of work. The mammalian orthologs of C. elegans DAF-2, DAF-
18, and DAF-16 are the Insulin Receptor, PTEN, and FOXO, respectively. The 40 insulin-like 
peptides, INS-1 to INS-39 and DAF-28 (coloured circles) presumably function through DAF-2.  

 
 

Our model has the potential to uncover novel molecular mechanisms and 

interactions in the insulin-signaling pathway. For example, our findings may reveal that 

of the 40 insulin-like peptides, some may work outside of the canonical insulin-signaling 

pathway. In a landmark discovery, Kenyon (1993) uncovered that loss of DAF-2 function 

led to lifespan twice as long as wildtype animals. Previous work in our laboratory has 

also shown that daf-2 and daf-18 mutants caused longer lifespan and shortened lifespan, 

respectively, at the L1 arrest developmental stage (Figure 2). Adult longevity and dauer 

arrest appears to be dependent on the extensively studied FOXO transcription factor in C. 

elegans, called DAF-16. However, L1 arrest longevity may be independent of DAF-16 as 

daf-18 mutant animals are more short-lived than daf-16 mutant animals. As the terminal 

protein of the insulin-signaling pathway, DAF-16 is responsible for regulating multiple 

40 INS 
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genes involved in longevity and stress resistance, among other functions. In healthy 

animals grown in optimal conditions, DAF-16 is inactivated and localizes in the cytosol. 

Under stressful conditions, or when there is reduced insulin signaling, DAF-16 localizes 

in the nucleus and becomes transcriptionally active. This pathway is regulated by DAF-

18, the C. elegans ortholog for a human tumour suppressor, phosphatase and tensin 

homolog deleted on chromosome 10 (PTEN). PTEN may be a key regulator in AD as it 

has been shown to affect memory loss in mouse models (Knafo et al. 2016). The loss of 

DAF-18 causes constitutive active insulin signaling, keeping the terminal DAF-16 in the 

cytosol, where it is inactive. Transcriptionally inactive DAF-16 causes some well-

characterized phenotypes such as adult germline tumorigenesis, shortened lifespan, and 

premature neuron degeneration (Qi et al. 2017). It is also important to note that DAF-18 

has roles independent of the canonical insulin signaling pathway which do not terminate 

at DAF-16 (Brisbin et al. 2009; Zheng et al. 2018).  

 

 
 

Figure 2. Survival curve of daf-2 (e1370) and daf-18 (ok480) insulin-signaling pathway mutant 
animals, compared to wildtype, at the L1 arrest developmental stage. (Zheng et al. 2018)  
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FOXO-to-FOXO signaling occurs between tissues and this process is regulated by 

genes whose expression is regulated by DAF-16 (Murphy et al. 2007). ins-7 was 

determined to be one of those genes, which is regulated in the intestine, in turn, allowing 

DAF-16 activity in the intestine to influence DAF-16 activity in other tissues (Murphy et 

al. 2007). It was uncovered that the insulin-signaling pathway is amplified by a positive 

feedback loop, controlled by the terminal DAF-16, via INS-7 (Murphy et al. 2003). 

Furthermore, ins-17 mRNA was found in low levels in daf-16 (mu86) mutants and in 

high levels in daf-2 (e1370) mutants (Matsunaga et al. 2012). This finding suggests that 

ins-17 transcription is positively regulated by the nuclear translocation of DAF-16. ins-18 

is similarly regulated by DAF-16 as both ins-17 and ins-18 function as antagonists of the 

insulin-signaling pathway (Matsunaga et al. 2012). Collectively, these studies raise the 

possibility that insulin-like peptides that behave as DAF-2 antagonists may also influence 

FOXO-to-FOXO signaling, influencing DAF-16 activity in certain tissues, thereby 

causing DAF-16-related pathologies.  

There have been several attempts to study the 40 insulin-like peptides individually 

to characterize their functions. We believe that single insulin-like peptide deletion studies 

are largely unsuccessful and incomprehensive, as 39 other insulin-like peptides may be 

able to compensate for the loss of one. For example, the knockout of ins-1 did not cause 

changes in the worm’s ability to enter a quiescent phase under conditions of starvation 

known as dauer arrest (Pierce et al. 2001), and the deletion of ins-17 had no effect on 

adult longevity (Matsunaga et al. 2012). Amongst the 40 insulin-like peptides, it is 

possible that there is functional redundancy, where some may have similar general 

mechanisms of action, such as acting as an antagonist or agonist of DAF-2. Our study 
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sought to uncover the functions of the 40 insulin-like peptides, in an AD context, by 

using a transgenic overexpression approach. This puts individual insulins in overdrive, 

artificially, in a pan-neuronal fashion, allowing us to examine how each of the 40 insulin-

like peptides affect AD-related phenotypes in C. elegans. Specifically, we studied the 

effects of the 40 insulin-like peptides on longevity, neuronal aging (characterized by 

branching and blebbing), PTL-1/Tau expression in various tissues, amyloid beta-induced 

paralysis and chemotaxis defects, foraging behaviour, and hypoxic stress tolerance.  

Age-related changes in neuronal morphology such as neuronal branching, 

blebbing, and synaptic deterioration have been identified in C. elegans. It has been 

determined that the insulin-signaling pathway is a key player in the aging of some 

neurons in the nematode (Chen et al. 2013; Scerbak et al. 2014). Specifically, mutations 

of daf-2 and daf-16, which mimic loss of insulin signaling and hyperactive insulin 

signaling, respectively, affects neuronal aging (Chew et al. 2013; Kim and Webb 2017). 

daf-2 mutant animals appear to have neurons that remain healthy throughout life, while 

daf-16 mutant animals have neurons that age rapidly (Toth et al. 2012). One of the 

focuses of our study is to determine how each of the 40 overexpressed insulin-like 

peptides affects neuronal aging, compared to the well-characterized neurons of daf-2, 

daf-18, and daf-16 mutants. These experiments are warranted because humans with 

genetic mutations resulting in hyperactive insulin signaling may have an increased risk 

for the development of age-related diseases. In using C. elegans as a model organism to 

study Parkinson’s disease, it was found that long-lived insulin-signaling pathway mutants 

exhibited more severe neurodegeneration, and that this effect was controlled by DAF-16 

(Apfeld and Fontana 2018). However, DAF-16 is thought to regulate neurodegeneration 
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independent of lifespan, despite both being influenced by upstream insulin signaling 

(Apfeld and Fontana 2018). Our results will help us to better understand which of the 40 

insulin-like peptides of C. elegans induces neurodegeneration and other AD pathologies 

and which ones may be able to slow down their progression.  

 

2.3 Insulin signaling and the network of insulin-like peptides is highly complex in C. 

elegans  

Insulin signaling in C. elegans is highly complex and there is no linear way to 

study this phenomenon. This is in part due to the insulin-like peptides having different 

roles in a multitude of tissues within the nematode body. Moreover, insulin signaling in 

C. elegans functions cell non-autonomously and there is likely an endocrine regulation of 

longevity by neuronal insulin signaling (Altintas et al. 2016). This can be shown by how 

DAF-2 expression, which is mostly in neurons, is a key player in longevity. Categorizing 

the 40 insulin-like peptides is challenging because different ones have unique roles in 

different tissues. To complicate this more, various insulin-like peptides may function in a 

combinatorial manner to exert their effects (Fernandes de Abreu et al. 2014). Although 

the insulin-like peptides are expressed in many tissues of the body, they are naturally 

most highly expressed in the neurons, particularly in the head neurons. This expression 

pattern is advantageous for our AD model, which is primarily a disease of the nervous 

system and brain. Ritter et al. (2013) reviews the presence of insulin-like peptides in the 

C. elegans body and highlight that they are most abundant in the head neurons, followed 

by the intestines, and then various other neurons and muscles (Figure 3). They further 

demonstrate how the insulin-like peptides are interconnected by presenting a highly 
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complex network of the tissue or cell type an insulin is expressed in, or whether there is 

no expression change, through development (Figure 4). Although we examined many of 

the 40 insulin-like peptides, in this work, we tried to focus on the ones that were the 

longest-lived (Figure 5A) and shortest-lived (Figure 5B), when overexpressed. We 

predicted that the insulin-like peptides that causes the worm to live longer may be used as 

a therapeutic to rescue some AD-related phenotypes.  

 

 
 
Figure 3. Figure illustrating the diversity of insulin-like peptides in C. elegans, and its expression in 
various parts of the body. The number of insulin-like peptides expressed in each tissue or cell type is 
shown, where colours correspond to the six major tissue types: 1) nervous system (green), 2) 
reproductive tissue (blue), 3) muscle (gray), 4) epithelial tissue (orange), 5) coelomocytes (pink), and 
6) alimentary system (purple). (Ritter et al. (2003)) 
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Figure 4. Figure illustrating the complex networks of expression of insulin-like peptides in C. 
elegans. Here, 35 insulin-like peptides connected to cell or tissues at the young adult stage is shown. 
Circles represent insulin-like peptides and squares represent cells or tissues (S – spermatheca; C – 
ceolomocytes; R – rectum; HM – head muscle; VM – vulva muscle; DTC – distal tip cell; U – uterus; 
BM – body muscle; H – hypodermis; EM – enteric muscle; P – pharynx; BN – body neuron(s); VN – 
vulva neuron(s); SN – sensory neuron(s); I – intestine). Purple circles represent insulin-like peptides 
that change expression location through development, and orange circles represent those that do not 
change through development. Read from top to bottom: insulin-like peptides with no neuronal 
expression; non-neuronal tissues (excluding intestine); insulin-like peptides with neuronal and non-
neuronal tissue expression; neuronal tissues and the intestine; insulin-like peptides with only neuronal 
and/or intestinal expression. (Ritter et al. (2003)) 
 
 
 
 

 
 
Figure 5. A) Survival curves of insulin-like peptide-overexpressing animals that were long-lived, 
compared to wildtype, at the L1 arrest stage. B) Survival curves of insulin-like peptide-overexpressing 
animals that were short-lived, compared to wildtype, at the L1 arrest stage. (Zheng et al. 2018) 
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2.4 Neuronal branching in C. elegans  

The formation of novel neuronal branches is an intriguing area of C. elegans 

neurobiology, development, and aging. Although the molecular mechanisms driving the 

onset of neuronal branching is unclear, our laboratory has previously shown that some of 

the 40 insulin-like peptides are involved (Chiu 2016). Furthermore, it is unclear whether 

or not the neuronal branches have functional roles as the worm ages. Neuronal branching 

may be a neuronal plasticity mechanism triggered as a compensatory response. As an 

organism ages, the nervous system gradually decreases or loses some of its functions, and 

neuron-to-neuron communication may become less efficient. We hypothesized that the 

development of novel neuronal branches may be a way to enhance signaling between 

neurons. This notion was based on our previous observations that an ectopic branch from 

one neuron would appear to establish a connection with an adjacent neuron (Chiu 2016). 

Scerbak et al. (2014) found that when there was an increase in novel neuronal branches in 

the touch receptor neurons, there was a period of enhanced touch response. Interestingly, 

this branching process is dynamic and has been observed to form and retract (Toth et al. 

2012; Pan et al. 2011). A similar phenomenon was observed in humans following 

traumatic brain injuries, where axons sprouted and developed swellings (Park and 

Biederer 2013; Hill et al. 2016). However, although neurons are able to regenerate in 

young worms, it is unlikely that age-related branching is a form of regeneration (Tank 

2011). This conclusion was drawn when no severed axons were found in aged animals, 

and when there was no change in the degree of abnormal branching after physically 

damaging the worms by vortex (Tank 2011). Neuronal branching is a popular area of 

interest because neurite sprouting has been observed in many human neurodegenerative 
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diseases, including AD, and the molecular processes leading to their formation is not 

well-understood. 

 

2.5 Neuronal blebbing in C. elegans  

Neuronal blebbing was also observed at several time points over the lifespan of C. 

elegans (Pan et al. 2011; Chew et al. 2013; Chew et al. 2014). Melentijevic et al. (2017) 

has termed a subset of these “blebs” as “exophers”, which are novel membrane-

surrounded vesicles, containing protein aggregates and organelles. The production of 

these vesicles was a natural process that allowed the neuron to remove aggregated and 

misfolded proteins as well as dysfunctional organelles such as mitochondria 

(Melentijevic et al. 2017). An increased expression of the amyloid-beta 1-42 protein and 

age-related mitochondrial dysfunction increased exopherogenesis (Melentijevic et al. 

2017). This suggests that the phenomena may regulate proteostasis and the quality 

control of some organelles, as neurons appeared to be healthier post-exopher expulsion 

(Melentijevic et al. 2017). Furthermore, exophers arose in a bimodal fashion throughout 

the adult life of C. elegans, where they appeared in early adulthood (adult days 2-3), 

diminished at mid-adulthood (adult days 4-8), and reappeared in late-adulthood (adult 

days 10-11) (Melentijevic et al. 2017). This phenomenon was also observed in our 

previous work (Chiu 2016). Huntington’s disease may be modeled using C. elegans by 

expressing proteins that are responsible for the disease, then tracking the released 

neurotoxic aggregates using fluorescent markers (Arnold et al. 2018). Similarly, our C. 

elegans AD model allows us to express different insulins and human disease genes in 

specific neurons and tissues to determine their functional roles and if they have effects on 
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AD-like pathologies. Neuronal blebbing or exopher production as readouts may direct us 

to potential insulin-like peptides or other genes that are responsible for neurodegeneration 

or are beneficial for neuronal integrity and nervous system health.   

 

2.6 Insulin signaling and its role in amyloid-beta and tau protein expression 

In mammalian models, insulin has key roles in the regulation of the two 

characteristic proteins of AD, amyloid-beta and tau. It is classically thought that amyloid-

beta forms plaques in the brain, while tau induces the formation of neurofibrillary 

tangles. Tau is a highly soluble microtubule-associated protein (MAP) and is essential for 

microtubule integrity and scaffolding. While the protein is important at wild-type levels, 

when it becomes hyperphosphorylated, it allows for neurofibrillary tangles to form and 

accumulate. Furthermore, hyperphosphorylated tau is unable to bind to microtubules 

effectively, resulting in their disassembly. PTL-1 is the sole ortholog for mammalian Tau 

in C. elegans and its expression is controlled by the insulin-signaling pathway (Chew et 

al. 2014). Taken together, the pathological accumulation of the two AD proteins causes 

disruption of processes in the brain, neuronal deterioration, cell death and ultimately, 

global brain atrophy. This in part, explains why the AD brain generally appears to be 

smaller, with evidence of shrinkage. Furthermore, patients with AD suffer from memory 

loss, confusion, and behavioural changes, which are affected by changes in brain 

biochemistry and physiology. Our amyloid-beta AD model expresses high levels of 

human amyloid-beta in either the worm’s body wall muscles or neurons, which induces 

paralysis or chemotaxis defects, respectively. Reduced insulin signaling is able to 

decrease paralysis by activating the transcription factors DAF-16 and HSF-1, which 
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induces the degradation of the protein aggregates (Altintas et al. 2016). As some of the 40 

insulin-like peptides are thought to inhibit the insulin-signaling pathway, we were 

interested in using these as potential therapeutic treatments for tau or amyloid beta-

induced abnormal phenotypes. Interestingly, recent studies have suggested that amyloid-

beta may actually be important as these proteins have antimicrobial properties and could 

play a role in the defense system for brain infections (Gosztyla et al. 2018). These 

molecules are thought to utilize their fibrillary structures to protect neurons from 

infectious agents and toxins (Gosztyla et al. 2018). As we determine insulin-like peptides 

that can modulate the expression of amyloid-beta in C. elegans, it is also important to 

consider the potentially beneficial effects of this characteristic protein found in AD 

brains.  

 

2.7 APL-1 and amyloid-beta protein expression in C. elegans  

APL-1 is the amyloid precursor protein (APP) ortholog in C. elegans and is 

essential for various processes during development. APL-1 must be tightly regulated as 

loss of, or high levels, can lead to lethality (Hornsten et al. 2007; Ewald et al. 2016). 

Complete knockout of APL-1 results in 100% lethality due to a molting defect (Hornsten 

et al. 2007). APL-1 overexpression in C. elegans has tissue-specific effects on lifespan 

via signaling through DAF-16, HSF-1, and DAF-12 (Ewald et al. 2016). Specifically, 

long-lived APL-1 mutant worms showed high levels of APL-1 expression in the neurons 

but weak expression in the hypodermis, suggesting that neuronal APL-1 expression is 

responsible for lifespan extension (Ewald et al. 2016). 
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A C. elegans strain CL4176, generated in the Christopher Link laboratory, 

expresses human amyloid-beta in the muscle walls and has been an effective model in 

assaying potential drugs and transgenes that decrease amyloid-beta toxicity (Drake et al. 

2003). Link et al. (2003) has identified 67 up-regulated genes and 240 down-regulated 

genes in the CL4176 mutant. Similarly, the C. elegans strain CL2355, from the same 

laboratory, expresses human amyloid-beta pan-neuronally and could be used as a model 

to test the effects of amyloid-beta on chemotaxis. This strain displayed impaired 

associative learning, slowed response behaviour, shortened lifespan, and decreased 

serotonin-stimulated egg laying (Dosanjh et al. 2010) when amyloid-beta expression was 

induced. These strains have been used in several studies for drug screening against 

amyloid-beta and neurodegenerative diseases (Lublin and Link 2013). There is evidence 

that amyloid-beta is, in part, regulated by the insulin-signaling pathway. In studying the 

therapeutic role of royal jelly, a honeybee secretion, Wang et al. (2016) uncovered that 

this compound may fine-tune the activity of DAF-16, the terminal protein of the insulin-

signaling pathway, which subsequently promotes the expression of proteostasis-related 

genes to tolerate amyloid-beta toxicity. Specifically, the group found that the 

supplementation of royal jelly increased the expression of sod-3, mtl-1, hsp-12.6, and 

hsp-16.2 (Wang et al. 2016). SOD-3 and MTL-1 play roles in the detoxification of 

reactive oxygen species and heavy metals, respectively, while the HSPs encode essential 

chaperone proteins to prevent the aggregation of misfolded proteins. Furthermore, the 

overexpression of HSP-16.2 suppressed the amyloid-beta toxicity of AD worms (Wang et 

al. 2016). In our study, we hypothesized that some of the 40 transgenic insulin-like 

peptides would be able to rescue amyloid-beta induced paralysis and chemotaxis defects 



 19 

in the nematode. If successful, these insulin-like peptides of interest may be used as a 

novel therapy to alleviate AD-related morphological changes and pathologies in C. 

elegans and other animals.  

 

2.8 PTL-1/Tau protein expression in C. elegans  

          Tau is a microtubule-associated protein (MAP) that upholds neuronal integrity and 

is also a scaffold protein that is crucial in proper neuronal signal transduction and 

plasticity (Arendt et al. 2016). PTL-1, the C. elegans ortholog, is a key regulator of 

neuronal integrity and lifespan (Chew 2013). PTL-1 knockout mutants had an increased 

incidence of abnormal neuronal structures and a reduced lifespan (Chew et al. 2013). 

Deviations from wild-type levels of PTL-1—either too high or too low—may be 

detrimental to the animal’s survival. In mammalian tissues, it has been shown that a point 

mutation in the microtubule associated protein tau (MAPT) gene caused reduced 

microtubule binding affinity and increased formation of tau oligomers, giving rise to 

several neurological disorders and diseases including progressive supranuclear palsy 

(PSP), frontotemporal dementia (FTD), and AD (Pir et al. 2016). When this mutant tau 

was expressed in high levels in C. elegans, animals showed obvious phenotypes 

including severe paralysis, defective GABAergic motor neurons, ectopic structures in 

touch receptor neurons, and perturbed mitochondrial trafficking (Pir et al. 2016). These 

phenotypes were also manifested in behaviour, where the worm showed uncoordinated 

and distorted sinusoidal movements (Pir et al. 2016). In C. elegans, PTL-1 is expressed in 

several neuronal classes, but is most highly expressed in the touch receptor neurons and 

GABAergic neurons (Chew et al. 2013; Chalfie et al. 1985). PTL-1 mutants are defective 
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in cholinergic and GABAnergic transmission (Chew et al. 2013), suggesting that this 

protein has important roles in neuronal integrity and subsequently, neurotransmission. 

When these are compromised, abnormalities closely tied to neurodegenerative diseases, 

including those found in Alzheimer’s disease, may develop and manifest in interesting 

ways. 

 

2.9 The GABAergic and cholinergic neurons of C. elegans  

GABAergic neurons release inhibitory gamma-Aminobutyric acid (GABA) 

neurotransmitters. High levels of a tau mutant A152T caused a pronounced effect on C. 

elegans GABAergic neurons, where there are indications of neurodegeneration, 

visualized by gaps in ventral and dorsal nerve cords, and with stretches of the nerve cord 

missing (Pir et al. 2016). There is also a link between insulin signaling and the 

mechanisms of GABA neurotransmission. Insulin enhanced GABA receptor-mediated 

currents in the central amygdala neurons of rats (Korol et al. 2018) and in the prefrontal 

cortex (Trujeque-Ramos et al. 2018). Glucose tolerance in diabetic rats was also 

improved by GABA neurotransmission (Sohrabipour et al. 2018), suggesting more 

efficient insulin signaling. These studies, which suggests a close relationship between 

GABA signaling, insulin and glucose regulation, prompted us to study the roles of the 

insulin-signaling pathway and the 40 insulin-like peptides in the GABAergic neurons of 

C. elegans (Dhillon 2018).  

In contrast to GABAergic neurons, cholinergic neurons release excitatory 

acetylcholine. We sought to examine the effects of the 40 insulin-like peptides on the 

processes that take place within the cholinergic neurons, which are involved in the 
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pathogenesis of AD. In C. elegans, unc-17 encodes the synaptic vesicle acetylcholine 

transporter (VAChT), which is responsible for mediating the loading of acetylcholine into 

synaptic vesicles. Reduced UNC-17 causes the worm to grow slowly and exhibit 

uncoordinated movement, whereas complete loss of UNC-17 causes embryonic lethality 

(Alfonso et al. 1993). In AD, levels of excitatory acetylcholine neurotransmitters decline 

due to compromised cholinergic physiology, thereby affecting memory and movement. 

The C. elegans insulin degrading enzyme (ceIDE-1) degrades insulin, and is believed to 

mimic the DAF-2 knockdown, where there is decreased insulin signaling. When ceIDE-1 

is knocked down, insulin levels cannot be regulated, causing increased insulin levels in 

the system. It was uncovered that when one isoform of ceIDE1, C28F5.4, was knocked 

down, there was complete elimination of the cholinergic neurons and reduced Punc-

17::gfp expression (Haque 2016). We were interested in determining whether any of the 

40 insulin-like peptides could also abolish the cholinergic neurons and decrease Punc-

17::gfp expression. The results may help us understand which of the 40 insulin-like 

peptides are responsible for AD in the context of cholinergic neurons, VAChT failure, 

and defective acetylcholine transmission. 

 

2.10 Tau interacts with PTEN to mediate insulin signaling 

Marciniak et al. (2017) uncovered a novel function of tau in the regulation of 

brain insulin signaling in mice. When testing for components of the insulin-signaling 

pathway that interact with tau, Marciniak et al. (2017) surprisingly found that tau did not 

interact with the insulin receptor or with IRS-1, but that it interacted with PTEN. This 

was shown when wild-type human tau co-immunoprecipitated with PTEN in mouse 
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neuroblastoma adrenergic clone cells (Marciniak et al. 2017). Furthermore, the 

researchers found that the activity of PTEN was dependent on tau, where PTEN’s role as 

a lipid phosphatase is restrained, resulting in healthy insulin signaling. In rat insulinoma 

(pancreatic tumor) cells, it was shown that tau regulates insulin transcription and 

secretion (Maj et al. 2016). PTEN was also involved in the regulation of tau 

phosphorylation in rat cortical neurons post-oxygen and glucose deprivation (Zhao et al. 

2016). Zhang et al. (2006) studied the phosphorylation a mutant form of tau, in 

frontotemporal dementia with parkinsonism-17 (FTDP-17) brains, in a PTEN mutant 

background. They observed that the overexpression of wild-type PTEN did not change 

the amount of insoluble tau aggregates, but that it caused changes in tau phosphorylation 

at two Akt sites (Zhang et al. 2006). Tau phosphorylation affects the scaffolding of 

neurons by binding to multiple tubulin dimers, even when microtubule assembly is 

inhibited (Li et al. 2015). The results of Zhang et al. (2006) suggest that tau 

phosphorylation, through PI3K signaling, is regulated by PTEN and that null PTEN may 

contribute to the deterioration of neurons. Altogether, these results align with studies that 

show enhanced Akt activity and loss of PTEN found in post-mortem AD brains. PTEN 

accumulated in intracellular neurofibrillary tau tangles may disrupt the PI3K pathway and 

induce PTEN dysfunction in the degenerating neurons of AD (Sonoda et al. 2010). 

Collectively, these findings prompted us to study the relationship between the 

orthologous C. elegans genes ptl-1 and daf-18. 
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2.11 The regulation of behaviour in C. elegans 

In all animals, neuropeptides have important roles in the pathways modulating 

neuronal signaling which are responsible for controlling behaviour. Neural plasticity 

underlying cognitive processes such as learning and memory are affected by insulin 

signaling (Dillon et al. 2016). Insulin signaling is also able to reconfigure nerve function 

such as modulating the activity of glutamate and ionic receptors in mammals (Ahmadian 

et al. 2004). In C. elegans, the components of the insulin-signaling pathway have critical 

roles in regulating locomotion, foraging, and chemotaxis. For example, when the insulin 

receptor is defective in daf-2 mutants, worms appear to dwell and forage less. These 

animals also have impaired locomotory responses in food-deprived conditions and have 

deficient pharyngeal pumping (Dillon et al. 2016). In contrast, daf-18 mutants exhibit an 

elevated pharyngeal pumping rate, compared to wildtype animals (Dillon et al. 2016). 

Furthermore, insulin signaling modulates the neuronal processes during starvation, 

shifting behavioural strategies between exploration and sleep (Skora et al. 2018). 

Specifically, brain-wide arousal during fasting periods is dependent on the insulin-

signaling pathway (Skora et al. 2018).  

It is evident that key components of the insulin-signaling pathway are involved in 

the regulation of behaviour, but very little is known about how each of the 40 insulin-like 

peptides may also affect behaviour. The 40 insulin-like peptides and other neuropeptides 

have critical roles in the communication between the intestine and nervous system 

(Holzer et al. 2012; Holzer and Farzi 2014). Lee and Mylonakis (2017) reported that INS-

11, an intestine-secreted insulin-like peptide, negatively regulates aversive learning 

behaviour via the ASI amphid and ADF sensory neurons. Similarly, ins-6, expressed in 
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the ASI neurons, represses the transcription of ins-7 in URX sensory neurons, which 

plays an inhibitory role in olfactory learning via the RIA interneuron (Chen et al. 2013). 

We are interested in determining the insulin-like peptides of C. elegans that are 

responsible for adverse behaviours and exhibiting novel phenotypes. In particular, those 

that behave like daf-2 or daf-18 mutants may lead to the uncovering of downstream 

targets of these insulin-like peptides and help unravel the complex behavioural network 

of C. elegans.  

 

2.12 Insulin-signaling pathway-mediated stress response in C. elegans 

DAF-16 is the terminal transcription factor of the insulin-signaling pathway and is 

responsible for the regulation of stress-responsive genes. These genes are responsible for 

a variety of stress responses, including oxidative stress, heat shock, and starvation. When 

the DAF-16-mediated stress response was dysfunctional, it accelerated oxidative DNA 

damage which subsequently induced aging (Gurkar et al. 2018). Under heat shock, 

thrashing behaviour of C. elegans was improved and restored only when DAF-16 was 

transcriptionally active (Furuhashi and Sakamoto 2014). In diseased neurons associated 

with Huntington’s disease, the stress response initiated by DAF-16 was necessary to 

prolong neuronal function (Farina et al. 2017). Scott et al. (2002) found that specific 

alleles of a daf-2 mutation were hypoxia-resistant, and that this was mediated through the 

AKT-1/PDK-1/DAF-16 pathway and requires daf-18 function. In particular, they found 

that when C. elegans were hypoxically stressed using sodium azide, the daf-2 allele 

e1370 increased the survival percentage to 96.5%, compared to 4.5% for wildtype 

animals (Scott et al. 2002). These results suggest that DAF-16 activity is critical for 
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survival against different stresses in C. elegans, and that it has functional roles in the 

propagation of neurodegenerative diseases. This warrants the study of this key 

transcription factor, and particularly its regulation by the 40 insulin-like peptides, and the 

effects it has on AD-like pathologies in C. elegans.  
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Chapter 3. Materials and Methods 
3.1 List of C. elegans Strains  
 
Construction of strains was done using standard genetic markers, and genotypes were 
confirmed by PCR, sequencing, and/or by phenotypes. Some strains (indicated) were 
generated directly by microinjection.  
 

STRAINS OBTAINED FROM CAENORHABDITIS GENETICS CENTER (CGC) 
Strain 
Number 

Genotype Acknowledgment/Notes 

CZ10175 zdIs5 [Pmec-4::gfp + lin-15(+)] I Clark, S. G., & Chiu, C. 
(2003); CGC; 
Visualization of the six 
touch receptor neurons 
with GFP  

CB1370 daf-2 (e1370) III Jonathan A. Hodgkin Lab, 
CGC 

CF1038 daf-16 (mu86) I  Cynthia J. Kenyon Lab, 
CGC 

RB712 daf-18 (ok480) IV Robert Barstead Lab, CGC 
BC12648 dpy-5(e907) I; sIs11686 [rCesF42G9.9a::gfp + 

pCeh361] III 
D. Baillie (Mckay et al. 
2004), CGC; 
Transcriptional fusion 
strain with ptl-1 promoter 
driving GFP 

RB809 ptl-1 (ok621) III International C. elegans 
Gene Knockout 
Consortium 

TJ356 zIs356 [daf-16p::daf-16a/b::GFP + rol-6 
(su1006)] IV 

Tom Johnson Lab, CGC; 
Used for visualization of 
subcellular localization of 
DAF-16 

CL4176 smg-1 (cc546) I; dvIs27 [myo-3p::A-Beta 1-
42::let-851 3’UTR) + rol-6 (su1006)] X 

Christopher Link Lab, 
CGC; 
Inducible human amyloid-
beta in muscles 

CL2355 smg-1 (cc546) I; dvIs50 [pCL45 (snb-1::A-Beta 
1-42::3’ UTR) + mtl-2::gfp] X 

Christopher Link Lab, 
CGC; 
Inducible human amyloid-
beta in all neurons 

LX929 vsIs48 [Punc-17::gfp] IV Michael Robert Koelle 
Lab, CGC; 
Visualization of mRNA 
expression of unc-
17/VAChT  
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STRAINS OBTAINED OR GENERATED FROM THE CHIN-SANG LAB 
Strain 
Number 

Genotype Acknowledgment/Notes 

IC1813 zdIs5 [Pmec-4::gfp] I; quEx770 [Prgef-1::ins-
1;odr-1::rfp] 

Chin-Sang Lab; 
 
Prgef-1 is the pan-
neuronal promoter driving 
each insulin-like peptide. 
 
The odr-1::rfp expresses 
RFP in the AWC head 
neurons and allows us to 
determine which worms 
carry the overexpressing 
ins gene as it is extra-
chromosomal. 
 
Note: genotype simplified 
after first strain.   

IC1532 zdIs5 I; quEx610 (Prgef-1::ins-2) 
IC1644 zdIs5 I; quEx654 (Prgef-1::ins-3) 
IC1550 zdIs5 I; quEx611 (Prgef-1::ins-4) 
IC1673 zdIs5 I; quEx675 (Prgef-1::ins-5) 
IC1827 zdIs5 I; quEx784 (Prgef-1::ins-6) 
IC1632 zdIs5 I; quEx645 (Prgef-1::ins-7) 
IC1645 zdIs5 I; quEx655 (Prgef-1::ins-8) 
IC1698 zdIs5 I; quEx689 (Prgef-1::ins-9) 
IC1554 zdIs5 I; quEx599 (Prgef-1::ins-10) 
IC1549 zdIs5 I; quEx600 (Prgef-1::ins-11) 
IC1690 zdIs5 I; quEx681 (Prgef-1::ins-12) 
IC1762 zdIs5 I; quEx728 (Prgef-1::ins-13) 
IC1660 zdIs5 I; quEx664 (Prgef-1::ins-14) 
IC1661 zdIs5 I; quEx665 (Prgef-1::ins-15) 
IC1572 zdIs5 I; quEx627 (Prgef-1::ins-16) 
IC1537 zdIs5 I; quEx602 (Prgef-1::ins-17) 
IC1528 zdIs5 I; quEx614 (Prgef-1::ins-18) 
IC1835 zdIs5 I; quEx789 (Prgef-1::ins-19) 
IC1536 zdIs5 I; quEx603 (Prgef-1::ins-20) 
IC1756 zdIs5 I; quEx722 (Prgef-1::ins-21) 
IC1637 zdIs5 I; quEx649 (Prgef-1::ins-22) 
IC1806 zdIs5 I; quEx763 (Prgef-1::ins-23) 
IC1726 zdIs5 I; quEx704 (Prgef-1::ins-24) 
IC1802 zdIs5 I; quEx759 (Prgef-1::ins-25) 
IC1816 zdIs5 I; quEx773 (Prgef-1::ins-26) 
IC1553 zdIs5 I; quEx606 (Prgef-1::ins-27) 
IC1822 zdIs5 I; quEx779 (Prgef-1::ins-28) 
IC1630 zdIs5 I; quEx643 (Prgef-1::ins-29) 
IC1641 zdIs5 I; quEx651 (Prgef-1::ins-30) 
IC1534 zdIs5 I; quEx608 (Prgef-1::ins-31) 
IC1702 zdIs5 I; quEx693 (Prgef-1::ins-32) 
IC1634 zdIs5 I; quEx647 (Prgef-1::ins-33) 
IC1699 zdIs5 I; quEx690 (Prgef-1::ins-34) 
IC1688 zdIs5 I; quEx679 (Prgef-1::ins-35) 
IC1667 zdIs5 I; quEx669 (Prgef-1::ins-36) 
IC1678 zdIs5 I; quEx676 (Prgef-1::ins-37) 
IC1808 zdIs5 I; quEx765 (Prgef-1::ins-38) 
IC1653 zdIs5 I; quEx661 (Prgef-1::ins-39) 
IC1180 zdIs5 I; daf-2 (e1370) III Chin-Sang Lab 
IC1193 zdIs5; daf-18 (ok480) IV Chin-Sang Lab 
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IC1369 zdIs5 I, daf-16 (mu86) I Chin-Sang Lab 
IC1182 daf-2 (e1370) III; him-5 (e1490)V Chin-Sang Lab 
IC1015 zdIs5 I; daf-18 (ok480) IV; him-5 (e1490) V Chin-Sang Lab 
IC2034 daf-18::GFP (syb210) [CRISPR insertion of 

GFP] IV 
Sunnybiotech China; 
Translational fusion strain 
to visualize DAF-18 
protein expression 

IC2035 daf-2 (e1370) III; daf-18::GFP (syb210) 
[CRISPR insertion of GFP] IV 

Jeffrey Boudreau 

IC310 cat-1::GFP (cyIs4) X; rol (pRF4) LG V Antonio Colavita 
STRAINS GENERATED IN THIS THESIS 

Strain 
Number 

Genotype Acknowledgment/Notes 

IC2054 zIs356 [daf-16p::daf-16a/b::GFP + rol-6 
(su1006)] IV; quEx770 [Prgef-1::ins-1; odr-
1::rfp] 

Hilton Chiu; 
 
Used for visualization of 
subcellular localization of 
DAF-16, in background 
with pan-neuronal 
overexpression of various 
ins by promoter rgef-1. 
Animals with ins 
transgene have RFP in the 
AWC amphid neurons, 
labelled by odr-1::rfp 
 
Note: genotype simplified 
after first strain.   

IC2026 zIs356 IV; Prgef-1::ins-2; odr-1::rfp 
IC2055 zIs356 IV; Prgef-1::ins-3; odr-1::rfp 
IC2056 zIs356 IV; Prgef-1::ins-4; odr-1::rfp 
IC2022 zIs356 IV; Prgef-1::ins-5; odr-1::rfp 
IC2057 zIs356 IV; Prgef-1::ins-6; odr-1::rfp 
IC2020 zIs356 IV; Prgef-1::ins-7; odr-1::rfp 
IC2030 zIs356 IV; Prgef-1::ins-8; odr-1::rfp 
IC2058 zIs356 IV; Prgef-1::ins-9; odr-1::rfp 
IC2021 zIs356 IV; Prgef-1::ins-10; odr-1::rfp 
IC2059 zIs356 IV; Prgef-1::ins-11; odr-1::rfp 
IC2028 zIs356 IV; Prgef-1::ins-12; odr-1::rfp 
IC2060 zIs356 IV; Prgef-1::ins-13; odr-1::rfp 
IC2061 zIs356 IV; Prgef-1::ins-14; odr-1::rfp 
IC2062 zIs356 IV; Prgef-1::ins-15; odr-1::rfp 
IC2063 zIs356 IV; Prgef-1::ins-16; odr-1::rfp 
IC2023 zIs356 IV; Prgef-1::ins-17; odr-1::rfp 
IC2064 zIs356 IV; Prgef-1::ins-18; odr-1::rfp 
IC2067 zIs356 IV; Prgef-1::ins-19; odr-1::rfp 
IC2024 zIs356 IV; Prgef-1::ins-20; odr-1::rfp 
IC2032 zIs356 IV; Prgef-1::ins-21; odr-1::rfp 
IC2071 zIs356 IV; Prgef-1::ins-22; odr-1::rfp 
IC2029 zIs356 IV; Prgef-1::ins-23; odr-1::rfp 
IC2033 zIs356 IV; Prgef-1::ins-24; odr-1::rfp 
IC2065 zIs356 IV; Prgef-1::ins-25; odr-1::rfp 
IC2066 zIs356 IV; Prgef-1::ins-26; odr-1::rfp 
IC2068 zIs356 IV; Prgef-1::ins-28; odr-1::rfp 
IC2069 zIs356 IV; Prgef-1::ins-29; odr-1::rfp 
IC2070 zIs356 IV; Prgef-1::ins-30; odr-1::rfp 
IC2025 zIs356 IV; Prgef-1::ins-31; odr-1::rfp 
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IC2019 zIs356 IV; Prgef-1::ins-33; odr-1::rfp 
IC2072 zIs356 IV; Prgef-1::ins-34; odr-1::rfp 
IC2073 zIs356 IV; Prgef-1::ins-35; odr-1::rfp 
IC2031 zIs356 IV; Prgef-1::ins-36; odr-1::rfp 
IC2074 zIs356 IV; Prgef-1::ins-37; odr-1::rfp 
IC2075 zIs356 IV; Prgef-1::ins-38; odr-1::rfp 
IC2027 zIs356 IV; Prgef-1::ins-39; odr-1::rfp 
IC2171 daf-2 (e1370) III; zIs356 IV Hilton Chiu 
IC1943 quEx681 (Prgef-1::ins-12; odr-1::rfp) Hilton Chiu; 

These strains have zdIs5 
outcrossed in order to 
cross into Pptl-1::gfp 
worms because zdIs5 and 
Pptl-1::gfp both express 
GFP in the touch neurons 
and would overlap 

IC1951 quEx602 (Prgef-1::ins-17; odr-1::rfp) 
IC1944 quEx722 (Prgef-1::ins-21; odr-1::rfp) 
IC1945 quEx704 (Prgef-1::ins-24; odr-1::rfp) 
IC1946 quEx647 (Prgef-1::ins-33; odr-1::rfp) 
IC1952 quEx676 (Prgef-1::ins-37; odr-1::rfp) 
IC1953 quEx661 (Prgef-1::ins-39; odr-1::rfp) 

IC1954 ptl-1::gfp, daf-2 (e1370) III Hilton Chiu 
IC1955 ptl-1::gfp III; daf-18 (ok480) IV Hilton Chiu 
IC1956 daf-16 (mu86) I; ptl-1::gfp III Hilton Chiu 
IC2013 ptl-1::gfp III; quEx602 (Prgef-1::ins-17; odr-

1::rfp) 
Hilton Chiu 

IC2170 ptl-1::gfp III; quEx676 (Prgef-1::ins-37; odr-
1::rfp) 

Hilton Chiu 

IC2014 ptl-1::gfp III; quEx661 (Prgef-1::ins-39; odr-
1::rfp) 

Hilton Chiu 

IC1988 ptl-1 (ok621) III; daf-18 (ok480) IV Hilton Chiu 
IC2079 zdIs5 I; ptl-1 (ok621) III Hilton Chiu 
IC2078 zdIs5 I; ptl-1 (ok621) III; daf-18 (ok480) IV Hilton Chiu 
IC2081 ptl-1 (ok621) III; daf-18::GFP (syb210) IV Hilton Chiu 
IC2137 quEx858 [Pptl-1::ptl-1::GFP::unc-54 3’UTR]  Hilton Chiu; 

Jeffrey Boudreau; 
Translational fusion strain 
to visualize expression 
pattern of PTL-1 protein 

IC2138 daf-2 (e1370) III; quEx858 [Pptl-1::ptl-
1::GFP::unc-54 3’UTR] 

Hilton Chiu 

IC2164 daf-18 (ok480) IV; quEx858 [Pptl-1::ptl-
1::GFP::unc-54 3’UTR] 

Hilton Chiu 
 

IC2153 quEx602 (Prgef-1::ins-17; odr-1::rfp), quEx858 
[Pptl-1::ptl-1::GFP::unc-54 3’UTR] 

Hilton Chiu 
 

IC2165 quEx661 (Prgef-1::ins-39; odr-1::rfp), quEx858 
[Pptl-1::ptl-1::GFP::unc-54 3’UTR] 

Hilton Chiu 
 

IC2166 smg-1 (cc546) I; daf-2 (e1370) III; dvIs27 [myo-
3p::A-Beta 1-42::let-851 3’UTR) + rol-6 
(su1006)] X 

Hilton Chiu 
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IC2167 smg-1 (cc546) I; daf-18 (ok480) IV; dvIs27 
[myo-3p::A-Beta 1-42::let-851 3’UTR) + rol-6 
(su1006)] X 

Hilton Chiu 
 

IC2168 smg-1 (cc546) I; dvIs27 [myo-3p::A-Beta 1-
42::let-851 3’UTR) + rol-6 (su1006)] X; 
quEx661 (Prgef-1::ins-39; odr-1::rfp) 

Hilton Chiu 
 

IC2169 smg-1 (cc546) I; dvIs50 [pCL45 (snb-1::A-Beta 
1-42::3’ UTR) + mtl-2::gfp] X; quEx661 (Prgef-
1::ins-39; odr-1::rfp) 

Hilton Chiu 
 

IC2163 smg-1 (cc546) I; dvIs27 [myo-3p::A-Beta 1-
42::let-851 3’UTR) + rol-6 (su1006)] X; 
quEx602 (Prgef-1::ins-17; odr-1::rfp) 

Hilton Chiu; 
Injected by Tony 
Papanicolaou 

IC2087 daf-2 (e1370) III; vsIs48 [Punc-17::gfp] IV Hilton Chiu 
IC2086 daf-18 (ok480), vsIs48 [Punc-17::gfp] IV Hilton Chiu 
IC2139 vsIs48 [Punc-17::gfp] IV; quEx602 (Prgef-

1::ins-17; odr-1::rfp) 
Hilton Chiu, William Tran 

IC2140 vsIs48 [Punc-17::gfp] IV; quEx779 (Prgef-
1::ins-28; odr-1::rfp) 

Hilton Chiu, William Tran 

IC1992 zdIs5 I; daf-2 (e1370) III; quEx664 (Prgef-
1::ins-14; odr-1::rfp) 

Hilton Chiu 
 

IC1993 zdIs5 I; daf-2 (e1370) III; quEx676 (Prgef-
1::ins-37; odr-1::rfp) 

Hilton Chiu 
 

IC1994 zdIs5 I; daf-2 (e1370) III; quEx661 (Prgef-
1::ins-39; odr-1::rfp) 

Hilton Chiu 
 

IC2005 daf-2 (e1370) III; cat-1::gfp (cyIs4) X; rol 
(pRF4) LG V 

Hilton Chiu 
 

 
 
3.2 Fluorescent Microscopy 
 
i. Embryos 

Worms were raised on standard nematode growth media (NGM) plates (Stiernagle 2006, 

WormBook), seeded with OP50 bacteria, for three days, and healthy embryos were 

collected using standard C. elegans egg synchronization techniques (Stiernagle 2006, 

WormBook). Immediately after eggs were synchronized, 10μL of embryos in M9 

solution were pipetted onto a glass microscope slide with 2% agarose, then covered with 

a glass cover slip. Images of embryos (a high sample size was used as there is great 

variation in developmental stages of eggs) were taken on a Carl Zeiss Axio Imager 2 
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(AxioVision) microscope under the GFP filter. Each fertilized embryo, regardless of 

developmental stage, was analyzed manually (drawing around each embryo) using 

ImageJ. The fluorescence intensity was calculated using the area of each individual 

embryo and background fluorescence intensity (Fitzpatrick 2014). The average fluoresce 

intensity of each strain was determined and graphed using Microsoft Excel.  

 
ii. Neurons 
 
Worms were raised on standard NGM plates for three days, and healthy embryos were 

collected using standard C. elegans egg synchronization techniques. Eggs were allowed 

to grow in M9 buffer solution overnight on a rotator, and were plated on new, standard 

NGM plates the next day. Depending on the strain, the animals were incubated and raised 

at either 15°C, 20°C, or 25°C. Depending on the experiment, animals were taken at 

different developmental stages and ages. Aging experiments were performed by either 

continuous picking (to avoid progeny contamination), or using 5-fluoro-2’-deoxyridine 

(FUdR) as a drug to prevent embryos from developing. Animals were picked carefully 

onto a microscope slide with 2% agarose, then covered with a glass slip for imaging on a 

Carl Zeiss Axio Imager 2 (AxioVision) microscope. Depending on the experiment, 

individual or classes of neurons were imaged and analyzed. 

 
3.3 Western Blotting 

Worm lysates were prepared by combining three age-synchronized plates of each strain, 

washed with M9 buffer, into microcentrifuge tubes. For embryo lysates (for the DAF-18 

(syb210) strains), embryos were prepared using standard bleaching protocol, and the 

number of dead worm bodies were minimized by centrifuge (as to prevent inaccurate 
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representation of the actin control). The M9 buffer in the tube was aspirated down to as 

little as possible. 100μL of sample buffer (made from 200μL 2X SDS and 800μL 1M 

DTT) was added into the tube and the pellet was re-suspended. The tube was placed in 

liquid nitrogen for 5 minutes, allowed to thaw, and boiled for 10 minutes in water. The 

tubes were then centrifuged at 13.3 RPM for 5 minutes. 5-15 μL (depending on 

concentration) of each sample was loaded into the wells of a 10% SDS gel. The loaded 

gels were run in 1X SDS buffer for approximately 30 minutes at 100V, then for another 1 

hour at 150V. SDS gels were then transferred to methanol-soaked polyvinylidene fluoride 

(PVDF) membrane in cold 1X Western Transfer Buffer (28.8g glycine, 6.04g Tris base, 

200mL methanol, 1.6L ddH2O) for approximately 1.5 hours at 100V. The PVDF with the 

transferred proteins was soaked for 45 minutes in 25mL of 5% milk (from milk powder) 

in 1X TBST for blocking. Primary antibodies (anti-mouse GFP and anti-mouse actin) 

were prepared in 5% milk in 1X TBST, and used to soak the PVDF at 4°C overnight. The 

primary antibodies were removed and the PVDF was washed twice (25mL) with 1X 

TBST, then twice with 1X TBS, for 10 minutes each. The secondary antibodies (anti-

mouse HRP) were prepared in 5% milk in 1X TBST and used to soak the PVDF for 1.5 

hours at room temperature. The secondary antibodies were removed and the PVDF was 

washed twice with 1X TBST, then twice with 1X TBS, for 10 minutes each. 200-400μL 

(depending on PVDF size) of a chemiluminescent substrate was added to the PVDF and 

allowed to soak for 3-4 minutes. The PVDF was transferred to a clean acetate sheet and 

imaged in a ChemiDoc Imaging System (Bio-Rad).  
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3.4 PTL-1 Strain Crosses and Molecular Biology 

i. Transcriptional Reporter:  

The expression of GFP under the control of the ptl-1 promoter was examined using the 

transcriptional fusion strain, BC12648 (ptl-1::GFP, dpy-5(e907), sIs11686), obtained 

from CGC. This strain was crossed with various insulin-signaling pathway mutants 

including: daf-2 (e1370), daf-18 (ok480), and daf-16 (mu86). BC12648 was also crossed 

into two insulin-like peptide overexpressing lines which were shown to be long-lived in 

our hands, ins-17 (oe), ins-39 (oe). Homozygous lines were maintained and used for 

microscopy and protein analyses.  

 

ii. Translational Reporter: 

Four primers were designed to create the PTL-1::GFP translational fusion strain: 

i) Forward primer for ptl-1 promoter with a PstI cut site (oIC2022) 

AATTCTGCAGCCTTTCCCTCACGCCTTGAAATTC  

ii) Reverse primer for ptl-1 promoter with cDNA overlap (oIC2023) 

GGCTCTGATTGAGGGGTTGACATTTTTCCTGAAAAATTGAAATTGGGA

GAAAATTG 

iii) Forward primer with ptl-1 cDNA (oIC2024) 

ATGTCAACCCCTCAATCAGAGCC 

iv)  Modified reverse primer for ptl-1 cDNA with PstI site at the 5’ end and two 

added nucleotides to keep in frame (oIC2025) 

AATTCTGCAGAATAACGAGCTGATGTCCAGCGTAGAATG 
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The promoter region of ptl-1 was amplified by PCR using N2 genomic DNA obtained 

from worm lysis, Q5 High-Fidelity 2X Master Mix (New England BioLabs), and 

oIC2022 and oIC2023. The ptl-1 coding region was then amplified by PCR using either 

RB1 or RB2 cDNA (obtained from the Robert Barstead lab, Oklahoma Medical Research 

Foundation), Q5 High-Fidelity 2X Master Mix, and oIC2024 and oIC2025. The ptl-1 

promoter PCR product was then stitched to the ptl-1 cDNA product using Q5 High-

Fidelity 2X Master Mix and oIC2022 and oIC2025 to generate a ~3.3kB product. The 

stitched ptl-1 product was gel extracted using EZ-10 Spin Column Plasmid DNA 

Miniprep Kit (BioBasic). A 1μL drop of the eluted sample was tested on a 

spectrophotometer to determine its concentration. The purified ptl-1 product and the 

plasmid pPD95.75 were digested with the PstI (ThermoScientific) restriction enzyme 

(only PstI restriction enzyme used, and not a dual enzyme forced cloning as they would 

have interfered with the ptl-1 cDNA). 1μL of FastAP was added to the vector digest 

solution to prevent re-ligation. After the digestion, both the ptl-1 product and pPD95.75 

vector were purified (Invitrogen PureLink PCR Purification Kit) and ligated using T4 

DNA Ligase (ThermoScientific). The ligated plasmids were transformed by heat-shock 

into XL1-Blue competent cells and grown on AMP plates overnight. Over a dozen 

individual colonies were selected the next morning for inoculation in 2XTY bacteria 

growth media on a 37°C shaker. The grown colonies were prepared (Invitrogen PureLink 

Quick Plasmid Miniprep Kit) to obtain purified plasmids. A diagnostic digestion was 

performed using PstI to ensure that the ~3.3kB insert and ~4.4kB vector were present. 

Once these two components were confirmed, it was digested with BglII and NcoI to 

ensure the ptl-1 product is in the correct orientation and in-frame within the vector. If the 
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insert is in the correct orientation, the digestion will yield a 1.035kB band, and if it is in 

the incorrect orientation, it will yield a 2.9kB band.  

 

3.5 Yeast Two-Hybrid Screen 

i) Construction of the activation domain of ptl-1 cDNA (pIC1195) 

oIC2009 and oIC2010 were used to amplify ptl-1 from the RB1 cDNA library. The 

amplified product, along with the pGADT7 vector, were digested with EcoRI and NdeI 

and gel purified. The two were ligated together and verified by EcoRI and NdeI digests. 

The ligated product was transformed into XL1-Blue competent cells.  

 

ii) Transformation: 

Transformations were performed using three different yeast competent cell lines to 

ensure a true interaction, or lack thereof: i) Y153, ii) Y190, and iii) PJ694A. We tested 

for interactions between the activation domain of ptl-1 cDNA (pIC1195) and the multiple 

domains of DAF-18: a) pIC1195 with pIC544 (binding domain of full length DAF-18), b) 

pIC1195 with pIC127 (N-terminal domain of DAF-18), c) pIC1195 with pIC166 

(phosphatase domain of DAF-18), and d) pIC1195 with pIC129 (C-terminal domain of 

DAF-18). The positive control was pIC187 (binding domain of kinase region of VAB-1) 

with pIC302 (binding domain of full length of NCK-1), which was previously shown in 

our lab to interact. 

 

Yeast competent cells were thawed from -80°C and spun down for one minute at 3,000 

RPM. Microcentrifuge tubes were aspirated down so that only the yeast cells remained. 
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240μL 50% polyethylene glycol (PEG), 36μL 1M lithium acetate (LiAc), and 53μL 

salmon sperm single-stranded DNA suspended in 25μL ddH2O. This solution was added 

to the two DNA samples of interest (3μL of each DNA, for a total of 6μL). The mixture 

was vortexed and incubated at 30°C for 30 minutes. It was then transferred to a 42°C 

water bath to incubate for 15 minutes, then left to cool. The mixture was spun down for 1 

minute at 5,000 RPM, aspirated, and re-suspended in 80μL ddH2O by gentle pipetting. 

75μL of the mixture was added to –Leu –Trp restrictive media plates with glass beads 

and were left to grow for 2-4 days in a 30°C incubator. Single colonies were picked and 

streaked 3-4 times in –Leu –Trp restrictive media plates, parafilmed, and allowed to grow 

for 2 more days in a 30°C incubator. 

 

iii) X-Gal Agarose Overlay Assay: 

For this assay, 0.25g of low melt agarose was added to 50mL solution of stock solution 

(46.5mL 0.5M potassium phosphate buffer pH 7.0, 3mL of 6% dimethyl formamide 

(DMF), and 500μL of 10% SDS). The solution was microwaved in ten fifteen-second 

intervals for approximately 1 minute, or until the solution became clear. The solution was 

left to cool briefly. 10μL X-gal (100mg/mL in DMF) per mL of solution and 0.5μL beta-

mercaptoethanol (βME) per mL of solution, was added to the cooled solution. 8mL of the 

mixture was poured gently onto the previously streaked yeast plates. The plates were left 

in the dark, under the fume hood, to cool and solidify. The plates were parafilmed and 

placed in a 30°C incubator. Strong interactions should turn blue within 1-2 hours, weaker 

interactions should turn blue in the next 12-24 hours.  
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3.6 Amyloid-beta Paralysis Assay 

Protocol adapted from Dostal and Link (2010). Any worms carrying the human amyloid-

beta transgene in the muscle were grown and maintained at 15°C, as higher temperature 

induces paralysis in this strain, which carries a temperature-sensitive smg-1 (cc546) 

mutation. SMG-1 is part of an RNA surveillance system that will destroy aberrant 

mRNAs (e.g. those with early stop codons. The amyloid-beta peptide has a long 3’UTR 

added to it, and this is detected as an aberrant mRNA and will be degraded at 15°C. 

however, at 23°C, SMG-1 will not be functional (i.e. it is a temperature-sensitive allele), 

and thus the amyloid-beta peptide will only be made at this temperature. Animals were 

age-synchronized by standard egg preparation and allowed to grow to L4 stage. Once the 

L4 stage is reached, animals were carefully transferred to new NGM plates seeded with 

OP50 bacteria. 20 hours (reached L3 stage) after eggs have been laid at 15°C, the animals 

were upshifted to a temperature of 23°C to induce the paralysis caused by the human 

amyloid-beta gene. Temperature upshift must be performed at L3 to early L4 stage as 

myo-3 is developmentally regulated and its expression levels significantly decrease at the 

late L4 to adult stage. After heat shocking for 20 hours, the animals were scored for 

paralysis (no body movement, or only head movement, after gently prodding with a 

worm pick), at one-hour intervals, until all animals became paralyzed. Four separate 

plates of animals were scored.  

 

3.7 Amyloid-beta Chemotaxis Assay 

Any worms carrying the human amyloid-beta transgene pan-neuronally were grown and 

maintained at 15°C, as higher temperature induces a chemotaxis defect. Animals were 
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age-synchronized by standard egg preparation. Worms were allowed to grow at 15°C for 

36 hours, and then shifted to grow at 23°C for another 36 hours. Animals were then 

transferred to a new 5-cm diameter petri dish with NGM, divided into two equal halves. 

A 1μL drop of 0.1% diacetyl in 100% ethanol was added to one half of the plate. A 1μL 

drop of 1M sodium azide was added to the other half of the plate. The chemotactic index 

(CI) was calculated by subtracting the total number of animals at the control drug from 

the total number of animals at the attractant, divided by the total number of animals on 

the petri dish. 

 

3.8 Behavioural Video-Recording and Tracking  

All strains tested were grown and maintained at 15°C, unless otherwise stated. Before 

tracking, worms were age-synchronized by embryo preparation. L4 stage worms were 

carefully picked onto mini petri dishes (55mm) with standard NGM, seeded with a 10μL 

drop of OP50 bacteria. This formed a small bacterial lawn for the worm to forage on and 

allowed us to zoom in and visualize the entire bacterial lawn (the camera cannot capture 

the entirety of a standard NGM plate, seeded with 120μL OP50 bacteria). A camera 

replaced one of the eyepieces on the microscope and recorded worms over 20 minutes 

(full video recorded, plus image sequence with one image taken every 3 seconds) using 

the ISListen v4.6.1 video-recording software. Two methods of tracking were performed: 

1) a “one-on-one” method, where one transgenic worm was tracked with one N2 wildtype 

worm, and 2) a “triplets” method, where three worms with identical genotypes were 

tracked. Method 1 allowed for side-by-side comparison of worm behaviour on the same 

plate, whereas Method 2 allowed us to generate more results and data in one single 
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recording. Fiji (or ImageJ) software was used and all video-recordings and image 

sequences were manually tracked. Using manual tracking, the velocity and distance 

travelled by each worm was determined by the software. This data was then used to 

calculate the average velocity and the total distance travelled.  

 

3.9 Sodium Azide Assay 

i) Sodium Azide Drop Test (Multiple Worms) 

Animals were age-synchronized by standard egg preparation and allowed to grow to L4 

stage on NGM plates containing OP50 bacteria. Approximately 20-30 worms were 

picked to a new NGM plate without food for the assay. For transgenic insulin-

overexpressing worms, animals with the odr-1::rfp marker in the AWC head neurons 

were picked. An 8μL drop of 30mM sodium azide (made up in water) was added directly 

onto the worms. Videos were recorded with a microscope camera for each test and were 

analyzed to determine the time it took for the last animal to stop moving.   

 

ii) Sodium Azide Drop Test (Single Worms) 

Animals were age-synchronized by standard egg preparation and allowed to grow to L4 

stage on NGM plates containing OP50 bacteria. For transgenic insulin-overexpressing 

worms, animals with the odr-1::rfp marker in the AWC head neurons were picked. In this 

assay, a single worm was picked onto a 10μL drop of 30mM sodium azide in each of the 

wells of a nine-well glass plate. This allowed for screening of nine worms 

simultaneously. The time it took for each worm to completely stop moving was recorded.  
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iii) Sodium Azide Incubation Test 

Animals were age-synchronized by standard egg preparation and allowed to grow to L4 

stage on NGM plates containing OP50 bacteria. Three plates of each strain were washed 

down with 1.5mL M9 buffer and combined into a single centrifuge tube. The tubes were 

centrifuged and aspirated down to approximately 100μL, or until most of the M9 buffer 

was aspirated. 250μL of 30mM sodium azide was added to the tube and the pellet was 

gently re-suspended. Worms were incubated in the sodium azide for 1.5 hours, allowed to 

recover overnight, and alive (moving) animals were scored. The experiment was 

performed in triplicates.  

 

3.10 DAF-16::GFP Localization Screen 

The localization of DAF-16 was visualized using the reporter strain TJ356 zIs356 [daf-

16p::daf-16a/b::GFP + rol-6 (su1006)], in which DAF-16 is fused to GFP. This strain 

was used to cross into our insulin overexpressing lines (majority of the 40 insulin lines 

were used – see Section 3.1 Table of generated strains). All worms were maintained at 

15°C, unless otherwise stated. To visualize, worms were immobilized using 0.1μm 

diameter polystyrene microspheres (Sigma-Aldrich) on microscope slides with a 10% 

agarose pad (The Worm Breeder’s Gazette - Fang-Yen et al. 2009). This method was 

used in lieu of the standard sodium azide or levamisole drug protocols as they may 

induce DAF-16 to localize into the nucleus. Slides containing the animals were 

immediately transported to a Carl Zeiss Axio Imager 2 (AxioVision) microscope and 

were visualized and imaged within 5 minutes. Screens were performed immediately as 

extended periods of oxidative, physical, and temperature stress will drive DAF-16 into 
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the nucleus, generated undesired results. This screen was performed again after heat-

shocking worms in a 34°C incubator for 1 hour. The experiment was repeated with 

worms heat-shocked in a 34°C incubator for 3 hours. This temperature-induced stress was 

used to determine which insulin genes allowed DAF-16 to remain in the cytosol, even 

after heat shock.  
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Chapter 4. Results 
 
4.1 The insulin-signaling pathway has roles in foraging behaviour 

In tracking mutant worms of two key components of the insulin-signaling pathway, daf-2 

(e1370) and daf-18 (ok480), we showed that altered levels of insulin signaling affects 

foraging behaviour, compared to wildtype (Figure 6A). Wildtype animals foraged for an 

average distance of 335.3 mm with an average velocity of 0.14 mm/s. In the daf-2 

(e1370) mutant, where insulin signaling is decreased due to a defective insulin receptor, 

animals foraged for a shorter average distance of 155.5 mm and a lower average velocity 

of 0.11 mm/s, and this was within a smaller vicinity (Figure 6B). Contrastingly, in the 

daf-18 (ok480) mutant, where insulin signaling is increased due to the loss of an insulin-

signaling regulator, animals foraged for a longer average distance of 1071.5 mm and a 

higher average velocity of 0.43 mm/s, and this was within a larger vicinity (Figure 6C).  

 
 N2 Wildtype daf-2 (e1370) daf-18 (ok480) 

Distance 
Travelled 

(mm) 

Velocity 
(mm/s) 

Distance 
Travelled 

(mm) 

Velocity 
(mm/s) 

Distance 
Travelled 

(mm) 

Velocity 
(mm/s) 

Trial 1  243.7 0.10 193.3 0.14 1011.2 0.41 
Trial 2 387.8 0.16 119.5 0.08 1063.0 0.43 
Trial 3 374.3 0.16 153.8 0.11 1140.3 0.46 

Average 335.3 0.14 155.5* 0.11* 1071.5**** 0.43**** 
Std. Deviation 79.6 0.29 36.9 0.18 64.5 0.39 

 
Figure 6. 20-minute worm tracking with three individual worms (green, blue, red) of the same 
genotype. A) N2 wildtype triplet worm tracking, B) daf-2 (e1370) triplet worm tracking (*p=0.045), 
C) daf-18 (ok480) triplet worm tracking (****p=8.74e-53).  
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4.2 Insulin-like peptides have a role in foraging behaviour 

Some of the 40 insulin-like peptides had roles in foraging behaviour. We found that 

animals overexpressing certain insulin-like peptides showed changes in their foraging 

behaviour, compared to wildtype animals (Figure 7A). We used the tracking results of 

the daf-2 (e1370) and daf-18 (ok480) animals as comparisons for the tracking results of 

the insulin-overexpressing transgenic animals. Overexpressed insulins that caused 

behaviour similar to daf-2 (e1370) animals were considered antagonists of the insulin-

signaling pathway, while those that caused behaviour similar to daf-18 (ok480) animals 

were considered agonists of the insulin-signaling pathway. Overexpressed insulins that 

caused behaviour that was similar to wildtype animals were considered neutral ligands. 

We looked at two candidate insulin-like peptide-overexpressing strains, ins-17 (oe) and 

ins-39 (oe), which were both long-lived in L1 arrest. ins-17 (oe) animals appeared to be 

dwellers and did not forage around the plate as much, similar to daf-2 (e1370) mutants 

(Figure 7B). Compared to wildtype, ins-17 (oe) animals travelled for a shorter average 

distance of 264.8 mm, with a lower average velocity of 0.11 mm/s. ins-39 (oe) animals 

appeared to forage around similar to wildtype animals, but the calculated average 

distance travelled and average velocity were both lower than wildtype (Figure 7C). ins-

39 (oe) animals travelled for an average distance of 332.3 mm with a velocity of 0.13 

mm/s, with both of these values being marginally lower than wildtype.  
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 N2 Wildtype ins-17 (oe) ins-39 (oe) 
Distance 
Travelled 

(mm) 

Velocity 
(mm/s) 

Distance 
Travelled 

(mm) 

Velocity 
(mm/s) 

Distance 
Travelled 

(mm) 

Velocity 
(mm/s) 

Trial 1  243.7 0.10 292.4 0.12 344.3 0.14 
Trial 2 387.8 0.16 184.9 0.07 367.5 0.15 
Trial 3 374.3 0.16 317.1 0.13 285.2 0.11 

Average 335.3 0.14 264.8** 0.11** 332.3 NS 0.13 NS 
Std. Deviation 79.6 0.29 70.3 0.15 42.4 0.13 

 
Figure 7. 20-minute worm tracking with three individual worms (green, blue, red) of the same 
genotype. A) N2 wildtype triplet worm tracking, B) ins-17 (oe) triplet worm tracking (**p=0.0035), 
C) ins-39 (oe) triplet worm tracking (NS; p=0.47). 
 
 
 
4.3 A novel role for the insulin-like peptide INS-5 in foraging behaviour  

We showed that the pan-neuronal overexpression of ins-5 resulted in behaviour that was 

markedly different from that of wildtype animals. INS-5 overexpressing animals (Figure 

8) exhibited hyperactive roaming, similar to that of daf-18 (ok480) animals (Figure 6C). 

Our results from the three trials indicated that, on average, N2 wildtype animals travelled 

a total of 564.4 mm, and ins-5 (oe) animals travelled a greater total of 996.2 mm in 20 

minutes of tracking. In addition, N2 wildtype animals roamed at an average velocity of 

0.22 mm/s and ins-5 (oe) animals roamed at a faster average velocity of 0.39 mm/s.  
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 N2 Wildtype 
Distance 

Travelled (mm) 

ins-5 (oe) 
Distance 

Travelled (mm) 

N2 Wildtype 
Velocity  
(mm/s) 

ins-5 (oe)  
Velocity  
(mm/s) 

Trial 1 402.1 774.5 0.16 0.31 
Trial 2 755.2 1232.1 0.30 0.50 
Trial 3 536.0 982.1 0.19 0.35 

Average 564.4 996.2 **** 0.22 0.39 **** 
Std. Deviation 178.3 229.1 0.25 0.34 

 
Figure 8. Three independent 20-minute worm tracking experiments with one N2 wildtype worm 
(green) and one ins-5 (oe) worm on a single plate. Each experiment produced a unique track path, but 
all showed that the wildtype animal roamed less and had a lower velocity than the ins-5 (oe) animal 
(****p=2.39e-45).  
 
 
 
4.4 Stress resistance to sodium azide is regulated by the insulin-signaling pathway 

The daf-2 (e1370) mutant showed enhanced resistance to sodium azide, compared to 

wildtype (Figure 9). On average, it took daf-2 (e1370) animals a significantly (p=0.017) 

longer time of 130.5 seconds to become anesthetized, compared to 85.83 seconds for 

wildtype animals. Contrastingly, daf-18 (ok480), daf-16 (mu86), and ptl-1 (ok621) 

animals each took significantly (p=0.045, p=0.0095, p=0.012, respectively) less time to 

become anesthetized, compared to wildtype (Figure 9). On average, daf-18 (ok480) 

animals took 59.97 seconds, daf-16 (mu86) animals took 49.83 seconds, and ptl-1 

(ok621) animals took 52.03 seconds to become anesthetized.  
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Figure 9. Bar graphs showing the average time taken for various L1 stage mutant animals, compared 
to control (n=12), to become anesthetized under 30mM sodium azide stress. daf-2 (e1370) mutants 
(n=12) took significantly (p=0.017) more time to become anesthetized, while daf-18 (ok480) (n=36), 
daf-16 (mu86) (n=12) and ptl-1 (ok621) mutants all took significantly less time to become 
anesthetized.  
 
 
 
4.5 Insulin-like peptides can affect stress resistance 

Our previous work showed that some insulin-like peptides, when overexpressed, allowed 

C. elegans to live longer in L1 arrest. We chose two candidate long-lived insulin-

overexpressing strains, ins-17 and ins-39, to see if these insulin-like peptides could 

enhance stress resistance under sodium azide stress at the adult stage. Wildtype animals 

took an average time of 164.18 seconds to become anesthetized. We found that, on 

average, ins-17 (oe) animals took 208.58 seconds and ins-39 (oe) animals took 242.31 

seconds to become anesthetized. ins-17 (oe) animals took significantly (p=0.029) more 

time to become anesthetized, and ins-39 (oe) animals took significantly (p=3.61e-6) more 
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time become anesthetized, compared to wildtype (Figure 10). We also chose ins-4 (oe) to 

test as this animal was previously shown in our laboratory to be short-lived at L1 arrest 

and an agonist of the insulin-signaling pathway. We found that ins-4 (oe) animals took, 

on average, 180.38 seconds to become anesthetized, which was insignificantly different 

from control (p=0.27) (Figure 10). However, we showed that the previously categorized 

neutral ins-5 (oe) animal took significantly (p=5.91e-11) more time to become 

anesthetized, compared to control (Figure 10). As a comparison, we looked at the 

average time it took daf-2 (e1370) animals to become anesthetized at the adult stage. As 

predicted, these animals took the longest of any strain to become anesthetized, at an 

average of 347.75 seconds, and this was significantly (p=2.45e-14) longer than control.  

 
 

Figure 10. Bar graphs showing the average time taken for adult stage insulin-overexpressing animals 
to become anesthetized under 30 mM sodium azide stress, compared to control (n=34). The time until 
anesthetized was insignificant (p=0.27) for ins-4 (oe) (n=32), but was significant (p=5.91e-11, 
p=0.029, p=3.61e-6, respectively) for ins-5 (oe) (n=31), ins-17 (oe) (n=48) and ins-39 (oe) (n=52) 
animals. The daf-2 (e1370) mutant (n=40) is included as a comparison and took a significantly 
(p=2.45e-14) longer time to become anesthetized, compared to control.  
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4.6 Expression of PTL-1 in the ALM cell body at the L1 stage is affected by DAF-16 

We determined that at the L1 stage, daf-2 (e1370) mutants and daf-18 (ok480) mutants 

had no significant difference (p=0.06, p=0.78, respectively) in the level of Pptl-1::gfp 

(transcriptional fusion; measured by fluorescence intensity) in the ALM neuron cell body, 

compared to control. The daf-16 (mu86) mutant, however, had a significantly (p=1.53e-

11) higher ALM cell body fluorescence intensity, compared to control (Figure 11). 

 

 
 

Figure 11. Bar graphs showing the average fluorescence intensity of Pptl-1::gfp (transcriptional 
fusion) of the ALM neuron cell body, of L1 stage animals, in various insulin-signaling pathway 
mutant backgrounds. Compared to control (n=162), there was no significant difference (p=0.06, 
p=0.78, respectively), in the daf-2 (e1370) (n=177) and daf-18 (ok480) (n=165) mutant backgrounds, 
but there was a significant (p=1.53e-11) increase in the daf-16 (mu86) (n=101) mutant background.  
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4.7 Whole-organism expression of PTL-1 is affected by the insulin-signaling pathway 

at the L1 stage 

Contrary to the results of the Pptl-1::gfp expression in the ALM cell body of L1 animals, 

our whole-organism experiment showed that Pptl-1::gfp levels (transcriptional fusion; 

measured by fluorescence intensity) decreased in each of the three insulin-signaling 

pathway mutants: daf-2 (e1370), daf-18 (ok480), and daf-16 (mu86) (Figure 12A).  

 
 

Figure 12. A) Western blot using whole-organism lysates showing that the three mutants of the 
insulin-signaling pathway, daf-2 (e1370), daf-18 (ok480), and daf-16 (mu86) decreases the expression 
of Pptl-1::gfp (transcriptional fusion reporter), compared to control.  
 
 
 

   
 
Figure 12. B) Microscopy images (40X magnification) showing Pptl-1::gfp (transcriptional reporter) 
expression in the head of adult animals (Left to Right: Pptl-1::gfp control, Pptl-1::gfp;daf-2(e1370), 
and Pptl-1::gfp;daf-18(ok480)).  
 
 
 
4.8 Expression of PTL-1 in the ALM cell body at the L4 stage is affected by the insulin-

signaling pathway 

The Pptl-1::gfp level (transcriptional fusion; measured by fluorescence intensity) in the 

ALM neuron cell body showed changes between mutants of the insulin-signaling 

Pptl-1::gfp 
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pathway at the L4 stage, which was contradictory to what was found during the L1 stage. 

While the Pptl-1::gfp control animals showed an average fluorescence intensity of 

156484, the daf-2 (e1370) animals showed a significantly (p=2.37e-5) lower average 

fluorescence intensity of 118858. daf-18 (ok480) animals showed a significantly 

(p=3.18e-16) lower fluorescence intensity of 80614, compared to control (Figure 13). 

 

4.9 Insulin-like peptides affect PTL-1 expression in the ALM cell body at the L4 stage 

We selected three candidate long-lived ins overexpressing animals, ins-17 (oe), ins-37 

(oe), and ins-39 (oe), and examined their effects on Pptl-1::gfp expression, measured by 

the fluorescence intensity of the ALM neuron cell body. We found that compared to 

control, ins-17 (oe) animals had a significantly (p=1.97e-10) lower fluorescence intensity 

of 111511, ins-37 (oe) animals had a significantly (p=1.43e-6) higher fluorescence 

intensity of 170497, and ins-39 (oe) animals had a significantly (p=4.1e-4) lower 

fluorescence intensity of 109253 (Figure 13). ins-17 (oe) and ins-39 (oe) animals brought 

fluorescence intensity down to levels similar to that of daf-2 (e1370) animals.  
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Figure 13. Bar graphs showing the average fluorescence intensity of Pptl-1::gfp (transcriptional 
fusion) of the ALM neuron cell body, in L4 stage animals. In a daf-2 (e1370) background (n=17), 
levels significantly (p=2.37e-5) decreased. While Pptl-1::gfp fluorescence intensity in ins-17 (oe) 
(n=70) and ins-39 (oe) (n=18) backgrounds significantly (p=1.97e-10, p=4.1e-4, respectively) 
decreased to levels similar to that of those in a daf-2 (e1370), fluorescence intensity levels increased 
significantly (p=1.43e-6) in an ins-37 (oe) (n=32) background. In a daf-18 (ok480) mutant background 
(n=25), Pptl-1::gfp fluorescence intensity decreased more significantly (p=3.18e-16) than the other 
mutants.  
 

4.10 Insulin-like peptides affect PTL-1 expression in the ALM cell body in old adults 

In examining the Pptl-1::gfp in the ALM neurons of Day 15 old adults, we found that 

insulin-like peptides can affect expression at this stage. We found that ins-17 (oe) animals 

had a significantly (p=8.62e-9) higher Pptl-1::gfp fluorescence intensity of 185632, 

compared to control, which had a fluorescence intensity of 154641 (Figure 14).  
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Figure 14. Bar graphs showing the average fluorescence intensity of Pptl-1::gfp (transcriptional 
fusion) in the ALM neuron cell body of old adult animals. In an ins-17 (oe) background (n=117), 
fluorescence intensity levels increased significantly (p=8.62e-9), compared to control (n=75). 
 
 
 
4.11 Expression of PTL-1 in the adult head is affected by the insulin-signaling 

pathway 

The PTL-1::GFP (translational fusion; measured by fluorescence intensity) protein 

expression in the entire head region of Day 3 animals (Figure 15A) was found to be 

different in insulin-signaling mutants daf-2 (e1370) and daf-18 (ok480), compared to 

control, although this result was insignificant. Control animals had a head fluorescence 

intensity of 1.15e9, compared to PTL-1::GFP animals in a daf-2 (e1370) mutant 

background, with an insignificantly (p=0.100) lower head fluorescence intensity of 

7.49e8. Conversely, PTL-1::GFP animals in a daf-18 (ok480) mutant background had a 
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higher total head fluorescence intensity of 1.42e9, compared to control, but this was 

insignificant (p=0.277) (Figure 15B).  

 

A      

 
 
 
Figure 15. A)  PTL-1::GFP translational fusion protein expression in the head region of C. elegans, in 
a daf-2 (e1370) and daf-18 (ok480) mutant background.  
 
 

B     
Figure 15. B) Bar graphs showing Pptl-1::gfp (translational reporter) expression, measured by 
fluorescence intensity, in the entire head region of adult animals. The difference between control and 
those in a daf-2 (e1370) (n=17) and daf-18 (ok480) (n=29) mutant background was statistically 
insignificant (p=0.100, p=0.277, respectively). 
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4.12 DAF-18 affects the expression of PTL-1 in the pharynx in old adults 

Pptl-1::gfp (transcriptional fusion; measured by fluorescence intensity) is expressed in 

high levels in the pharynx of C. elegans. The pharynx is a well-defined structure which 

allows relatively simple visualization and quantification of GFP (Figure 16B). We found 

that in old adults (animals that showed signs of senescence), daf-18 (ok480) animals had 

significantly (p=0.0084) lower Pptl-1::gfp expression (measured by fluorescence 

intensity) in the pharynx, compared to control. While Pptl-1::gfp control animals had an 

average fluorescence intensity of 5.40e8, Pptl-1::gfp animals in a daf-18 (ok480) mutant 

background had lower average fluorescence intensity of 4.57e8 (Figure 16A). 

 
 
Figure 16. A) Bar graphs showing the Pptl-1::gfp (transcriptional fusion) fluorescence intensity of the 
pharynx in old adult animals. In a daf-18 (ok480) background (n=34), Pptl-1::gfp fluorescence 
intensity significantly (p=0.0084) decreased, compared to control (n=35). B) Microscopy images (40X 
magnification) of Pptl-1::gfp transcriptional fusion expression pattern in the old adult pharynx.  
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4.13 PTL-1 regulates the expression of DAF-18 in embryos 

Using a DAF-18::GFP translational fusion reporter line, we found that the expression of 

DAF-18::GFP (measured as fluorescence intensity) in embryos was lowered in a ptl-1 

(ok621) null mutant background, compared to control (Figure 17A). The fluorescence 

intensity of DAF-18::GFP; ptl-1 (ok621) embryos was significantly (p=5.86e-4) lower 

than that of the DAF-18::GFP control. The same result was determined using Western 

blotting, in which DAF-18::GFP expression was lowered in the ptl-1 (ok621) mutant 

background (Figure 17B). We further tested to determine whether or not there was 

physical interaction between the two proteins. However, our yeast two-hybrid screens did 

not show a positive physical interaction between PTL-1 and DAF-18 (Appendix B). 

 

 
 
Figure 17. A) Bar graphs showing the average DAF-18::GFP (translational fusion) fluorescence 
intensity of mixed-stage embryos. In a ptl-1 (ok621) mutant background (n=159), DAF-18::GFP 
fluorescence intensity significantly (p=5.86e-4) decreased, compared to control (n=191). B) Western 
blot showing a decrease in DAF-18::GFP protein in a ptl-1 (ok621) background, compared to control.  
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4.14 The insulin-signaling pathway regulates the expression of amyloid-beta 

Using a temperature-sensitive transgenic C. elegans strain (CL4176) that expresses 

human amyloid-beta 1-42 in the body wall muscles, we found that mutations of the 

insulin receptor DAF-2 and tumor suppressor DAF-18 caused changes in the onset of 

paralysis. In the control strain CL4176, we found that animals became paralyzed starting 

at 20 hours post heat-shock induction and all animals in the experiment became paralyzed 

after 30 hours (Figure 18). The CL4176 animals in a daf-2 (e1370) background became 

paralyzed at 29 hours post heat-shock induction and all animals became paralyzed after 

38 hours (Figure 18). The CL4176 animals in a daf-18 (ok480) background had a higher 

percentage of animals paralyzed at 20 hours post heat-shock induction, compared to 

control, and all animals became paralyzed at 25 hours (Figure 18). 

 
 
 
4.15 Insulin-like peptide INS-39 is able to rescue amyloid-beta-induced paralysis 

We selected the candidate insulin receptor antagonistic peptide INS-39 and examined its 

effect in amyloid-beta-induced paralysis. We found that ins-39 (oe) in a CL4176 strain 

background, marginally decreased the percentage of paralyzed animals during the course 

of 20 to 31 hours post heat-shock (Figure 18). Whereas all animals became paralyzed at 

30 hours in the control, all animals became paralyzed later at 32 hours in the ins-39 (oe) 

strain in the CL4176 background. 
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Figure 18. Paralysis-time curve showing the percentage of animals paralyzed at each time point, after 
20 hours of heat-shock, to induce human amyloid-beta expression. Compared to AB control (orange; 
n=130), animals in a daf-18 (ok480) background (purple; n=141) became paralyzed earlier, while 
animals in a daf-2 (e1370) background (blue; n=123) became paralyzed later. Animals in an ins-39 
(oe) background (red; n=135) marginally slowed down the onset of paralysis.  
 
 
 
4.16 Insulin-like peptide INS-39 may be able to rescue amyloid-beta-induced 

chemotaxis defect 

We selected the candidate insulin receptor antagonistic peptide INS-39 and examined its 

effect in amyloid-beta-induced chemotaxis defect. We found that ins-39 (oe) animals in a 

CL2355 strain background showed an insignificant (p=0.31) difference in chemotaxis 

index, compared to the CL2355 control (Figure 19). CL2355 animals with ins-39 (oe) 

had a chemotaxis index of 0.253, and CL2355 control animals had a chemotaxis index of 

0.233. However, N2 wildtype animals had a chemotaxis index of 0.370, and this was 

significantly (p=4.99e-4) higher than that of CL2355 animals, and significantly (p=4.48e-

5) higher than that of ins-39 (oe) animals in a CL255 background (Figure 19).  
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Figure 19. Bar graphs showing the chemotaxis index of worms expressing pan-neuronal human 
amyloid-beta, compared to control. N2 wildtype animals (n=95) had a significantly (p=4.99e-4, 
p=4.48e-5, respectively) higher chemotaxis index compared to CL2355 (n=104) and ins-39 
(oe);CL2355 animals (n=99). However, there was an insignificant (p=0.31) difference between 
CL2355 and CL2355 animals in an ins-39 (oe) background. 
 
 

4.17 Amyloid-beta expression is temperature sensitive and alters neuronal morphology  

The incidence of neuronal abnormalities increases with higher temperature and when 

amyloid-beta is expressed (Figure 20B). 27% of ins-39 (oe) animals at 15°C had AWC 

neurons that showed neuronal abnormalities, while ins-39 (oe) animals expressing 

amyloid-beta showed a significantly (p=0.002) higher incidence of AWC neuronal 

abnormalities at 80% (Figure 20A). This was similar at a higher temperature of 25°C, 

where 47% of ins-39 (oe) animals had AWC neuronal abnormalities, and ins-39 (oe) 

animals expressing amyloid-beta had a significantly (p=4.20e-4) higher incidence of 

AWC neuronal abnormalities at 100% (Figure 20A).  
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Figure 20. A) Bar graphs showing the percentage of animals with AWC chemosensory neuron 
abnormalities (blebbing) in varying temperatures, and with or without pan-neuronal amyloid-beta 
expression. The incidence of neuronal abnormalities increases with higher temperature and when amyloid-
beta is expressed. At 15°C, ins-39 (oe) animals with AB expression (n=15) showed a significantly 
(p=0.002) higher amount of neuronal blebbing, compared to just ins-39 (oe) animals (n=15). At 25°C , ins-
39 (oe) animals with AB expression (n=15) also showed a significantly (p=4.20e-4) higher amount of 
neuronal blebbing, compared to just ins-39 (oe) animals (n=15). B) Microscopy images (40X 
magnification) showing blebbing in the AWC chemosensory neurons, labelled by the odr-1::rfp fluorescent 
marker. 
 

 

4.18 UNC-17 expression is regulated by the insulin-signaling pathway at L1 arrest 

In using a transcriptional reporter strain Punc-17::gfp, we found that the expression of 

GFP decreased as the animals aged during L1 arrest. The fluorescence intensity of GFP 

was 61275 on L1 arrest Day 1, 58194 on L1 arrest Day 4, and 42292 on L1 arrest Day 10. 

Compared to Day 1, the fluorescence intensity decreased insignificantly (p=0.30) on Day 

4, and significantly (p=1.67e-12) on Day 10 (Figure 21).  
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Figure 21. Bar graphs showing the average Punc-17::gfp (transcriptional fusion) fluorescence 
intensity of the cell bodies of cholinergic neuron cell bodies on Day 1, Day 4, and Day 10 of L1 arrest. 
Day 1 cell body (n=171) fluorescence intensity was insignificantly (p=0.30) different from those on 
Day 4 (n=46), but significantly (p=1.67e-12) higher than those on Day 10 (n=44). 
 
 
 
In measuring the GFP fluorescence intensity on D4 of L1 arrest, we also found that 

mutations of daf-2 and daf-18 of the insulin-signaling pathway altered Punc-17::gfp 

expression. The Punc-17::gfp control animals had a fluorescence intensity of 58194, 

34374 in a daf-2 (e1370) background, and 48380 in a daf-18 (ok480) background. Both 

Punc-17::gfp;daf-2(e1370) and Punc-17::gfp;daf-18(ok480) animals had a significantly 

(p=5.93e-12 and p=0.002, respectively) lower GFP fluorescence intensity, compared to 

control (Figure 22). 
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Figure 22. Bar graphs showing the average Punc-17::gfp (transcriptional fusion) fluorescence 
intensity, in the cholinergic neuron cell bodies of animals in Day 4 of L1 arrest. Punc-17::gfp 
fluorescence intensity was scored in Punc-17::gfp animals in daf-2 (e1370) and daf-18 (ok480) mutant 
backgrounds. Animals in a daf-2 (e1370) background (n=61) had a significantly (p=5.93e-12) lower 
cell body fluorescence intensity compared to control (n=171). Animals in a daf-18 (ok480) 
background (n=90) also had a significantly (p=0.002) lower cell body fluorescence intensity compared 
to control.  
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Chapter 5. Discussion 

5.1 Insulin-signaling pathway and insulin-like peptides have roles in foraging 

behaviour 

Our results indicated that animals with mutations in the insulin-signaling pathway 

and animals that overexpressed different insulin-like peptides showed differences in 

roaming behaviour. Using two insulin-signaling pathway mutants, daf-2 (e1370) and daf-

18 (ok480) as comparison controls (Figure 6), we sought to determine how some of the 

40 insulin overexpressing lines (Figure 7, Figure 8) compared in their roaming 

behaviours. daf-2 (e1370) and daf-18 (ok480) mutants were used as controls as these 

mutations reduced insulin signaling and increased insulin signaling, respectively.  

The neuronal mechanisms that regulate behaviour are highly complex, even in a 

simple organism such as C. elegans. This is in part because age-associated behavioural 

changes not only differ across strains, but also within strains. This causes a high degree 

of variability between animals even if they are age-matched siblings and grown in 

identical conditions. An allelic change can manifest in opposite phenotypes, although 

other phenotypes are consistent. For example, both daf-2 (e1370) and daf-2 (e1368) 

mutants are long lived, but the former has reduced movement velocity while the latter 

does not (Podshivalova et al. 2017). This makes the studying of the functions of the 40 

insulin-like peptides on behaviour especially challenging as each has different properties 

and there could be variability amongst animals of the same strain. Roaming behaviour 

was challenging to quantify as every worm tracking experiment produced unique results 

(i.e. every individual animal had a unique tracking path). Even for age-synchronized 

animals with identical genotypes, grown in the same conditions, we often found 
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differences in their foraging patterns. Hence, behavioural experiments must be done with 

a large sample size, to obtain an accurate representation of a strain’s behavioural pattern.  

In C. elegans, insulin signaling occurs predominantly in the neurons, which 

consequently have a variety of roles, including behaviour. For example, INS-11 inhibits 

the expression of serotonin in neurons and negatively regulates aversive learning 

behaviours via the ASI amphid and ADF sensory neurons (Lee and Mylonakis 2017). 

RID, a peptidergic neuron that modulates the forward movement of C. elegans, was 

found to synthesize multiple neuropeptides, including FLP-14 and INS-17 (Lim et al. 

2016). Hahm et al. (2015) studied C. elegans with insulin receptor mutations and looked 

at the correlation between velocity and health span. They found that in a daf-2 (e1370) 

mutant background, the expression of ODR-10, an olfactory receptor required for 

responding to diacetyl, significantly increased, and that daf-2 mutants, with elevated 

ODR-10 levels, were found to prefer food intake over exploration (Hahm et al. 2015). It 

is important to consider these findings when studying the foraging behaviour of C. 

elegans, as seemingly less foraging does not necessarily mean poorer health span. In fact, 

based on the interpretations by Hahm et al. (2015), the strains that we found to be 

dwellers should have enhanced health spans. This supports the well-understood finding 

that daf-2 (e1370) animals have prolonged lifespans. Similar to daf-2 (e1370) animals, 

ins-17 (oe) and ins-28 (oe) were dwellers in our hands and were found to be long-lived 

mutants in our laboratory (Figure 5A). This suggests that these mutant animals have 

elevated levels of ODR-10, thereby making them prefer food intake over exploration. 

This supports our findings that these animals foraged around the plate less and suggests 

that they are spending more time in food uptake. This also supports previous findings in 
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our laboratory that daf-2 (e1370) animals and insulin-expressing animals that are 

inhibitors of the pathway have higher fat accumulation (data not shown). However, ins-

39 (oe) long-lived animals had a foraging pattern similar to that of wildtype and it is 

unclear why they do not behave more like daf-2 mutant animals. One interpretation is 

that different insulin-overexpressing lines may have different levels of insulin expression 

and penetrance. Perhaps ins-39 (oe) animals express their insulin in lower levels and have 

lower penetrance than that of ins-17 (oe) and ins-28 (oe) animals, thereby affecting the 

behavioural phenotype readout. In addition, INS-17 and INS-39 may be expressed in 

different tissues. There is also the possibility that INS-39 may have functional roles 

outside of the insulin-signaling pathway which may affect genes that are responsible for 

functions related to foraging.  

Currently, behavioural assays in C. elegans are difficult to perform, are time 

consuming and results may be highly variable. The widely used methods for long-term 

measurement of C. elegans behaviour are not ideal for longitudinal assays, where single 

worms are tracked continuously throughout their lives to monitor aging phenotypes. 

Churgin et al. (2017) developed a highly effective system called WorMotel, which is 

capable of long-term longitudinal tracking in hundreds of single animals. In using their 

system, they showed that long-lived mutant worms declined in similar ways to the 

longest-lived control, wild-type worms, and that short-lived mutant worms declined 

similar to the shortest-lived control, wild-type worms (Churgin et al. 2017). They also 

showed that upon treatment with a chemical called paraquat, worm cells became stressed 

and lifespan was shortened. This was accompanied by retarded movement, in a similar 
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fashion to aging worms, indicating that cellular stress is similar to the aging process 

(Churgin et al. 2017).  

5.2 A novel role for the insulin-like peptide INS-5 in foraging behaviour  

Our results indicated that ins-5 had a role in foraging behaviour as worms that 

pan-neuronally overexpressed ins-5 exhibited movement that was markedly different 

from wildtype animals. This was a striking result as, to date, there has been no known 

function associated with ins-5. Previous work done in our lab showed that ins-5 

overexpression caused no changes in our phenotypic readouts, which included the 

examination of L1 arrest longevity, L1 arrest Q-cell proliferation, dauer entry, and lipid 

accumulation (data not shown). These results led us to categorize ins-5 as a neutral ligand 

of the insulin-signaling pathway. However, based on the behavioural phenotype exhibited 

by ins-5 overexpression, we now show that it could be a potential agonist, as it behaved 

like the hyperactive insulin mutant, daf-18 (ok480). This contrasting result is consistent 

with our previous findings, which showed that some insulin-like peptides can behave 

agonistically for one phenotype, but antagonistically for another.  

The finding that ins-5 has a functional role is particularly interesting because it is 

the sole insulin with an F-peptide that is lacking a R-X-X-R, R-R or K-R proprotein 

convertase cleavage site (Figure 24). However, this could potentially be a 

misinterpretation as there is a R-A-D-R site spanning the F-peptide and B-peptide. The 

sequence for INS-5 should be carefully reexamined for future studies. INS-1, 2, 3, 4, 6, 7, 

8, 9, and DAF-28 all contain an F-peptide with a proprotein convertase cleavage site 

(Figure 24). In our previous work, each of these insulins, when overexpressed, caused 

shortened L1 arrest longevity and L1 Q-cell proliferation (data not shown) (Figure 23). 
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With the exception of INS-7, these insulin-like peptides also all permitted enhanced entry 

into dauer. INS-5, although containing an F-peptide, exhibited normal L1 arrest 

longevity, no Q-cell proliferation in L1 arrest, and normal entry into dauer and normal 

lipid accumulation (data not shown). These results cumulatively suggest that proper 

cleavage of the F-peptide and subsequent protein folding is required for the insulin-like 

peptide to exert an effect, at least for the aforementioned phenotypes.  

The finding that INS-5 caused changes in behaviour suggests that an uncleaved F-

peptide-containing protein may have a role in regulating genes involved in behaviour or 

have downstream targets that are involved in behaviour. Furthermore, as INS-5 

overexpression does not present the classic phenotypes that we studied previously, it may 

be an insulin-like peptide that works independently of the DAF-2 insulin receptor. This 

would be a revolutionary finding as the 40 insulin-like peptides are traditionally known to 

only function through the DAF-2 insulin receptor. This can be tested by creating a daf-2 

(e1370); ins-5 (oe) double mutant and determining whether the hyper-roaming phenotype 

is still present or suppressed. If the phenotype is still present, this would be good genetic 

evidence that INS-5 is binding a receptor other than DAF-2.  

 
Figure 23. The three classes and general structures of C. elegans insulin-like peptides. The 40 insulin-
like peptides are categorized. Highlight in blue represents insulin-like peptides that activate DAF-2 to 
cause neuroblast division during L1 arrest. (Ian Chin-Sang Laboratory)   
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The other insulin-like peptides that we previously categorized as neutral, based on a 

variety of assays, were INS-23, 26, 27, and 33 (data not shown). Contrary to the novel 

behavioural phenotype found for INS-5, these other insulin-like peptides (except for INS-

27, which was not tested and therefore no conclusions can be drawn) behaved like 

wildtype, consistent with their neutral categorization (Appendix A). Of these neutral 

insulin-like peptides, only INS-5 contained an F-peptide, suggesting that this sequence 

has a role in controlling behaviour.  

 
 

 
 

 
 
Figure 24. The amino acid sequences of INS-1 through INS-9 with colour-coded sequences (red = 
signal sequence; green = B peptide; blue = A peptide; purple = C peptide; yellow = F peptide, and 
black = proprotein convertase cleavage sites). INS-1 through INS-9 are in Category 1 and causes Q-
cell neuroblast division during L1 arrest (agonists) when overexpressed (note that these are not all the 
INS that caused Q-cell divisions; they are only the ones in the Beta-class. INS-10 is in the Beta-class, 
but does not contain an F-peptide and does not cause Q-cell division at L1 arrest). INS-5 is in 
Category 4, which had no significant phenotype in our previous assays. (Ian Chin-Sang Laboratory) 
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5.3 Stress resistance to sodium azide is regulated by the insulin-signaling pathway and 

insulin-like peptides 

DAF-16/FOXO, the terminal protein of the insulin-signaling pathway, is required 

for the transcription of longevity and stress resistance genes. Upstream components of the 

insulin-signaling pathway play key roles in the regulation and expression of DAF-16. 

Previous work has shown that genes involved in the insulin-signaling pathway regulate 

the response induced by sodium azide (Scott et al. 2002). Our results similarly showed 

that when there was decreased insulin signaling, caused by a mutation in the DAF-2 

insulin receptor, animals were able to better withstand sodium azide-induced stress and 

took a longer time, compared to control, to become fully anesthetized. Consistent with 

this result, when there was increased insulin signaling, caused by a null mutation of the 

DAF-18 tumor suppressor, animals were less capable of withstanding sodium azide-

induced stress, causing them to become anesthetized faster than controls. As predicted, 

this was the same in daf-16 (mu86) null mutants, where there was no terminal 

transcription factor for the transcription of longevity and stress resistance genes. daf-16 

(mu86) mutants took the least time to become fully anesthetized, compared to daf-2 

(e1370) and daf-18 (ok480) mutants. High levels of reactive oxygen species (ROS), 

caused by various stresses, modulates the expression of DAF-16 target genes which 

contribute to longevity (Senchuk et al. 2018). In clk-1, isp-1, and nuo-6 mitochondrial 

mutants, genes regulated by DAF-16 were upregulated, and the transcriptional changes 

observed were similar to that of a daf-2 mutant (Senchuk et al. 2018). These results 

suggest that our daf-2 (e1370) mutant and animals overexpressing inhibitory insulin-like 
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peptides are better able to withstand sodium-azide induced oxidative stress because of the 

upregulation of the aforementioned genes which are regulated by DAF-16.  

After determining that some key players of the insulin-signaling pathway affected 

sodium azide-induced resistance, we wanted to test if any of the insulin-like peptides 

would also enhance resistance, similar to our daf-2 mutant animal. We first selected two 

candidate insulin-like peptide-overexpressing strains, ins-17 (oe) and ins-39 (oe), which 

were previously found in our lab to extend L1 arrest longevity. We previously 

hypothesized that this lifespan extension was dependent on DAF-16, similar to stress-

resistance. Our results indicated that when ins-17 was overexpressed, animals were able 

to better withstand sodium azide-induced stress, measured by a longer time to become 

fully anesthetized. Similarly, when ins-39 was overexpressed, it enhanced stress-

resistance even more, and these animals took a significantly longer time to become 

anesthetized. Next, we tested the effects of sodium azide on ins-4-overexpressing 

animals, which was previously found in our laboratory to be a short-lived animal and 

agonist of the insulin-signaling pathway. We found that the average time it took for these 

animals to become anesthetized did not differ significantly from wildtype animals. This is 

consistent with the notion that agonists do not have significant roles in the regulation of 

DAF-16 as they keep this transcription factor in the cytoplasm, therefore downstream 

stress-resistant genes are not upregulated. However, when we looked at the ins-5-

overexpressing strain, which was previously categorized as neutral in our work but had 

an effect on behaviour, we found that it took significantly longer to become anesthetized, 

suggesting that it can regulate genes to better withstand oxidative stress. In fact, ins-5 

(oe) animals resisted sodium azide-induced-stress better than all of our long-lived insulin-
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like peptide-overexpressing animals. However, this finding was not consistent with the 

other insulin-like peptide-overexpressing strains such as ins-17 (oe) which was able to 

better withstand sodium-azide stress but had a dwelling behavioural pattern. On the 

contrary, ins-5 (oe) animals was excellent at withstanding sodium-azide stress but 

exhibited hyper-roaming behaviour. Our results suggest that ins-5 may function outside 

of the canonical insulin-signaling pathway and may not terminate at DAF-16, which is 

responsible for the regulation of stress-resistance genes. 

We believe that these are important findings as insulin-like peptides such as INS-

5, INS-17 and INS-39, could be modified and used in the treatment of disorders and 

diseases that involve oxidative stress, mitochondrial defects, reactive oxygen species, and 

aging. This approach is warranted because C. elegans INS-6 can bind to the human 

insulin receptor (Hua et al. 2003). These findings call for future work with these specific 

insulin-like peptides, but also with others that extend lifespan. Strikingly, we found that 

the null mutations of ptl-1 also caused animals to become less resistant to sodium azide-

induced stress. There was a significant decline in the time it took the animals to become 

fully anesthetized, compared to control. The average time it took for ptl-1 (ok621) mutant 

animals was similar to both the daf-18 (ok480) and daf-16 (mu86) mutant animals. This 

finding suggests that PTL-1 may have a role in the regulation of DAF-16, and potentially 

function through the insulin-signaling pathway. This prompted us to study whether PTL-

1 interacted with DAF-18, which is one of the key regulators of the insulin-signaling 

pathway (see Section 5.9).  
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5.4 Expression of PTL-1 in the ALM cell body at the L1 stage 

Of the six touch receptor neurons in C. elegans (Figure 25), we decided to focus 

on the anterior lateral microtubule (ALM) for our experiments. This decision was made 

based on our findings that this neuron presents the most prominent aging-related 

phenotypes, including neuronal branching and blebbing. In addition, from other work in 

our laboratory, we know for certain that the two ALM neurons (left and right) will be 

present at the L1 stage under insulin overexpression conditions. We previously found that 

other touch receptor neurons such as the anterior ventral microtubule (AVM) and 

posterior ventral microtubule (PVM) may not be present at L1 arrest under insulin 

overexpression (data not shown), thereby disqualifying these neurons as a readout during 

our L1 arrest experiments.  

 
Figure 25. The six touch receptor neurons of C. elegans. (Adapted from Bianchi 2007) 

 
 

PTL-1 is a protein found in various tissues of the nematode body. It is found in 

abundant levels in the neurons as it acts as a scaffolding protein for the microtubules. 

However, levels that deviate from wildtype may lead to problems in the nervous system. 

In mammals, if tau levels are too low, the neurons may disintegrate due to scaffolding 

defects of the microtubules. If tau becomes hyperphosphorylated, it may lead to further 

accumulation of tau, causing the characteristic tau neurofibrillary tangles in the AD brain. 

Therefore, we believe PTL-1, the C. elegans ortholog of human MAPT, is an important 
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protein to carefully study in our AD model. Our model specifically allowed us to 

examine the expression of PTL-1 in insulin-signaling pathway mutant backgrounds, as 

well as conditions where insulin-like peptides are overexpressed.  

In our experiments that examined PTL-1 expression at the L1 stage, we used a 

transcriptional fusion marker and measured the fluorescence intensity of GFP in the ALM 

cell body. We generated Pptl-1::gfp animals in various insulin-signaling pathway mutant 

backgrounds, including daf-2 (e1370), daf-18 (ok480), and daf-16 (mu86). We found that 

at the L1 stage, there was no significant difference in Pptl-1::gfp expression in both the 

daf-2 (e1370) and daf-18 (ok480) mutants, compared to control (Figure 11). However, 

there was a significantly higher Pptl-1::gfp expression in the daf-16 (mu86) mutant 

background (Figure 11). These results suggest that insulin-signaling via the DAF-2 

insulin receptor, and regulated by DAF-18, does not have roles in PTL-1 expression at 

the L1 stage, at least in the ALM neurons. Both in daf-2 (e1370) mutant conditions where 

insulin signaling is decreased, and in daf-18 (ok480) mutant conditions where insulin 

signaling is increased, we did not find changes in Pptl-1::gfp fluorescence intensity. For 

these reasons, we did not attempt to study the effects of the overexpression of individual 

insulin-like peptides at this stage, as both of our comparative controls had no effect. 

Mutation of the terminal DAF-16 transcription factor did, however, have a significant 

effect on Pptl-1::gfp expression during the L1 stage. This finding suggests that genes 

transcribed by DAF-16 may have roles in the regulation of PTL-1 in a feedback loop, as 

we believe PTL-1 functions upstream of DAF-16. DAF-16 is known for its role in 

regulating downstream targets that control longevity, aging-related processes, and stress 

resistance. Our findings are consistent with the well-studied notion that tau is involved 
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predominantly in the aging process, and that it is found most abundantly in aging brains 

as well as in the pathological AD brain. The finding that DAF-16 affects PTL-1 

expression at a relatively young stage is important as this may be a treatment target for 

pathological tau phosphorylation and/or accumulation. Further studies in mammalian 

systems can focus on strategies that target the DAF-16 ortholog, FOXO, and evaluating 

its effect on tau expression, phosphorylation, and accumulation.  

 

5.5 Expression of PTL-1 in the ALM cell body at the L4 stage 

At the L4 stage, we again decided to study Pptl-1::gfp transcriptional expression 

in the ALM cell body due to its prominent aging phenotypes, well-defined shape, and 

clear visibility. In contrast to the L1 stage where there was no difference between mutant 

strains, there were significant differences at the L4 stage. We determined that in a daf-2 

(e1370) mutant background, Pptl-1::gfp fluorescence intensity significantly decreased, 

compared to controls. This suggests that while ptl-1 mRNA is increased at the L4 stage 

from natural aging, decreased insulin signaling prevents or decreases PTL-1 expression. 

In relation to humans, our finding suggests that controlling insulin levels during young 

adulthood and mid-life may be important in the propagation of tau levels later in life. 

This may point to further investigations in early therapies that target insulin signaling in 

patients at a higher risk of developing AD, individuals with familial AD, and also 

propose a more careful intake of carbohydrates and healthier lifestyles and diets.  

Our findings with the daf-2 (e1370) mutant strain prompted us to study whether 

any of the insulin-like peptides can also alter PTL-1 expression during the L4 stage. 

Specifically, we selected insulin-like peptides which we previously showed to mimic daf-
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2 mutants in phenotypes such as extended L1 arrest lifespan. We hypothesized that these 

long-lived insulins may lower PTL-1 to a healthy level. We selected three candidate 

insulin-like peptide-overexpressing strains, ins-17 (oe), ins-37 (oe), and ins-39 (oe). We 

found that Pptl-1::gfp in an ins-17 (oe) and ins-39 (oe) background showed significantly 

higher fluorescence intensity in the ALM cell body, compared to control. Conversely, 

and contrary to our predictions, Pptl-1::gfp under an ins-37 (oe) background significantly 

increased fluorescence intensity in the ALM cell body. Thus, INS-17 and INS-39 may be 

candidate insulin-like peptides to be synthesized and used in mammalian models of AD 

to determine if they have a positive effect on lowering pathological tau. Furthermore, our 

results also support the notion that although some insulin-like peptides have positive 

effects in one phenotype, it can have unchanged or negative effects in another phenotype. 

INS-37 overexpression enhances L1 arrest longevity and prevents Q-cell proliferation in 

L1 arrest (i.e. behaves like a daf-2 mutant), but now has an opposite role of the daf-2 

mutant in PTL-1 expression. This was similar with our ins-5 (oe) animals, which 

functioned like an activator of the insulin-signaling pathway in the behavioural assays, 

but was able to best withstand sodium azide stress, behaving like an inhibitor of DAF-2. 

Our previous work also demonstrated that insulin-like peptides of the same class and 

properties could exhibit different phenotypes. For example, although ins-17 (oe) and ins-

28 (oe) animals were both long-lived at L1 arrest, had no Q-cell divisions at L1 arrest, 

and showed high fat accumulation, ins-17 (oe) animals had a high incidence of dauer 

formation, whereas ins-28 (oe) animals had a low incidence, compared to wildtype 

(Zheng et al. 2018).  This highlights the diversity of roles of certain insulin-like peptides 
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and that it is critical to study the effects of each insulin-like peptide comprehensively 

before utilizing it in higher model organisms.  

 

5.6 Expression of PTL-1 in the adult head 

In the PTL-1::GFP translational fusion strain, there is a high concentration of the 

protein in the entire head region. There is a particularly high abundance due to a large 

number of neurons in the head. We constructed strains that expressed the PTL-1::GFP 

translational fusion protein in daf-2 (e1370) and daf-18 (ok480) mutant backgrounds 

(Figure 15A). These translational fusion strains permitted clearer visualization of 

neurons, as PTL-1::GFP was clearly and definitively localized in individual neurons. On 

the contrary, our Pptl-1::gfp transcriptional fusion strains exhibited GFP that was not 

localized clearly in the head neurons (Figure 12B). In capturing and calculating the 

average fluorescence intensity of the entire head region (i.e. taking into account all 

neurons in the head region), we showed that PTL-1::GFP translational fusion expression 

decreased in a daf-2 (e1370) background, and increased in a daf-18 (ok480) background, 

although these changes were statistically insignificant. However, our preliminary findings 

do support our hypotheses that decreased insulin signaling in older animals decreases 

PTL-1 expression in neurons, and hyperactive insulin signaling increases PTL-1 

expression. A greater sample size would likely be able to allow us to draw conclusions 

with better confidence. These results could then be translated into mammalian models to 

determine if mutations of their orthologous insulin receptors and DAF-18 tumor 

suppressors are able to alter tau protein levels. If our findings are consistent in 

mammalian models, it may lead to the development of insulin-based therapeutic 
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strategies to target pathogenic tau accumulation and phosphorylation for individuals with 

AD. 

 
 

5.7 Expression of PTL-1 in the ALM cell body at the old adult stage 

As AD is an age-related disease, and tau neurofibrillary tangles are predominantly 

found in older brains, it was important to study the expression of PTL-1 in an older 

animal. For this experiment, we looked at the effects of a candidate antagonistic insulin-

like peptide, INS-17, on Pptl-1::gfp fluorescence intensity in the ALM neuron. We 

hypothesized that INS-17 would decrease PTL-1 levels as it functions similar to a daf-2 

mutant. However, our results indicated that Pptl-1::gfp fluorescence intensity increased, 

compared to control, when ins-17 was overexpressed. This finding, however, was 

inconclusive as we did not examine Pptl-1::gfp fluorescence intensity in a daf-2 (e1370) 

or daf-18 (ok480) mutant background at the old adult stage. Therefore, there was no 

healthy or sick animal to compare our ins-17 (oe) result to, so we could not conclude 

whether ins-17 (oe) had a positive or negative effect at the old adult stage.  

 

5.8 DAF-18 affects the expression of PTL-1 in the pharynx 

In our Pptl-1::gfp transcriptional fusion model, the protein is expressed at high 

levels in the pharynx. The pharynx is a good tissue to study as it has a well-defined 

structure. Previous work in our laboratory determined that daf-18 (ok480) mutants had 

lower fat accumulation, suggesting that there may be problems with food-intake (data not 

shown). It is also well-established in the literature that daf-18 (ok480) mutants have a 

significantly shortened lifespan. We were interested in determining whether hyperactive 
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insulin signaling, caused by a mutation of the DAF-18 tumor suppressor, had an effect on 

PTL-1 expression in the pharynx. Several neurons are involved in pharyngeal pumping in 

C. elegans, therefore PTL-1 is an important protein in its scaffolding. We showed that old 

adult animals in the daf-18 (ok480) background had significantly lower Pptl-1::gfp 

fluorescence intensity, and that their pharynxes were not as well-defined, compared to 

control (Figure 20). These pharynxes were also noted to be abnormally shaped and 

showed signs of disintegration and senescence. This result shows that certain mutations 

may have different implications, regarding the same protein, in different tissues. For 

example, although a daf-18 null mutation increased PTL-1::GFP translational fusion 

fluorescence intensity in the adult head overall, it appears to have decreased it in the old 

adult pharynx with our transcriptional fusion marker. In relation to humans, the pharynx 

is an important tissue to study, as people with AD often lose muscle movement and 

bodily functions, including the ability to swallow. This is primarily caused by the 

degeneration of nerves which connect throughout the nervous system. This can 

subsequently cause organs and tissues to lose structural integrity and function. Our 

findings, although preliminary, suggests that therapies that target the insulin-signaling 

pathway may alleviate bodily debilitations associated with AD. Specifically, since the 

loss of the DAF-18 tumor suppressor causes abnormal PTL-1 expression in the pharynx, 

treatments that target the human ortholog PTEN may be able to alleviate certain 

symptoms associated with AD.  
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 5.9 PTL-1 regulates the expression of DAF-18 in embryos 

In several of our experiments, we found that the phenotypes of daf-18 (ok480) and 

ptl-1 (ok621) null mutants were similar. These phenotypes included shortened lifespan, 

weak resistance to sodium azide-induced stress, and early onset neuronal aging. 

Furthermore, it is known that DAF-18 functions through the insulin-signaling pathway, 

and we hypothesized that PTL-1 was regulated by insulin signaling. These similarities 

and our hypotheses prompted us to examine whether there was an interaction between 

these two genes. To study an interaction, we used several approaches, including a yeast 

two-hybrid screen, fluorescent microscopy, and Western blotting.  

DAF-18 is most highly expressed during embryogenesis, although its expression 

is still difficult to detect at this stage. To test the relationship between ptl-1 and daf-18 in 

C. elegans, we used Western blotting as a method to quantify protein expression. We 

created an animal that expressed DAF-18::GFP in a ptl-1 (ok621) null mutant background 

and measured DAF-18::GFP expression in age-synchronized embryos. Our results 

indicated that when ptl-1 was lost, DAF-18::GFP levels decreased. This finding suggests 

that ptl-1, the ortholog of human Tau, may be a regulator of daf-18. This is an important 

finding as daf-18 is a regulator of the insulin-signaling pathway in C. elegans, and its 

human ortholog is the tumor suppressor PTEN. If the loss of a tau ortholog causes a 

decrease in the expression of a tumor suppressor ortholog, it is reasonable to suggest that 

this mutation may be a contributor to tumorigenesis in mammals. It would be beneficial 

to examine what other effects ptl-1 mutations cause, and whether these are similar to 

those of daf-18 mutants.  Loss of daf-18 in C. elegans is related to various negative 

phenotypes such as shortened lifespan, irregular Q-cell division during L1 arrest, and 
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faster neuronal aging, which are thought to be controlled by DAF-16, the terminal protein 

of the insulin-signaling pathway. Future work should aim to study these phenotypes in 

ptl-1 mutant animals.  

We tested for interactions between the binding domain of full length PTL-1 and 

the multiple domains of DAF-18, including full length DAF-18, N-terminal, phosphatase 

domain, and C-terminal. Our yeast two-hybrid tests failed to show a physical interaction 

between DAF-18 and PTL-1 in vitro (Appendix B). Future experiments should include 

testing the individual binding domains of PTL-1 as well, with those of DAF-18, as 

affinity may be altered depending on the sizes and sequences of the plasmids encoding 

the protein domains. In addition, it would be useful to perform co-immunoprecipitation 

assays with worm lysates to determine if there may be an interaction in vivo. The 

discovery of the interaction between PTEN and Tau by Marciniak et al. (2017) was also 

only found in an in vivo assay, and they did not shown evidence of an interaction in vitro.  

Our results in the embryo fluorescence intensity screen did, however, support our 

hypothesis and suggests an interaction between DAF-18 and PTL-1. DAF-18 is found in 

visually detectable levels at the embryonic stage, and PTL-1 deletion caused some 

embryonic lethality. These findings confirm that both of these genes are activated at the 

embryonic stage. Future work should include carefully examining whether or not there is 

embryonic lethality in daf-18 and ptl-1 double mutants. In addition, the PTL-1::GFP 

translational fusion strain should be integrated and its expression pattern during 

embryogenesis should be characterized. In measuring the fluorescence intensity of 

mixed-staged embryos that expressed DAF-18::GFP translational fusion proteins, we 

found that embryos that were in a ptl-1 (ok621) mutant background had a significantly 
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lower GFP fluorescence intensity. This result was confirmed using Western blots, where 

DAF-18::GFP, picked up by anti-GFP antibodies, showed less protein in the ptl-1 

(ok621) null background.  

Our findings in using both these approaches suggests that there may be an 

interaction between these proteins, although it is unclear whether it is physical or 

effective. This is an important finding as it has implications for many diseases, especially 

ones in which the insulin-signaling pathway are involved. These may include cancers 

caused by DAF-18/PTEN mutations, diabetes, metabolic diseases, and neurodegenerative 

diseases. We are most interested in the implications this finding may have in AD. If loss 

of PTL-1 causes decreased levels of DAF-18, we can predict that high levels of PTL-1 

may cause increased levels of DAF-18. Decreased levels of DAF-18 causes the animal to 

be more susceptible to tumorigenesis, shorter lifespan, and other abnormalities. Our 

findings can be translated into mammalian systems, where it would be important to test 

whether increased levels of Tau will decrease PTEN activity and lead to cancer formation 

or other phenomena. Further research can then be performed to find targets that will 

lower Tau protein accumulation or enhance PTEN function. This research may have 

major implications in developing effective treatments for cancers and AD.   

 

5.10 Insulin-signaling pathway regulates the expression of amyloid-beta 

We employed a C. elegans amyloid-beta-expressing strain CL4176, which 

expresses temperature-inducible human amyloid beta peptide in the animal’s body wall 

muscles (Drake et al. 2003). We determined that amyloid-beta-induced paralysis was 

affected by the insulin-signaling pathway mutants, daf-2 (e1370) and daf-18 (ok480). We 
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found that when there was decreased insulin signaling caused by the DAF-2 insulin 

receptor mutant, paralysis decreased significantly over a longitudinal assay of 18 hours. 

In contrast, paralysis was increased significantly in animals expressing human amyloid-

beta 1-42 in a daf-18 (ok480) background, over the same time course. Our findings 

highlight that amyloid-beta expression, a characteristic protein found in AD brains, may 

be regulated by insulin-signaling. In this light, we hypothesized that some of the 40 

insulin-like peptides in C. elegans may be also to reduce amyloid-beta expression. 

Specifically, we predicted that insulin-like peptides that cause longer lifespan, when 

overexpressed, may be effective in decreasing amyloid-beta, and rescue paralysis and 

chemotaxis defects.  

 

5.11 Insulin-like peptide INS-39 is able to rescue amyloid-beta-induced paralysis  

Similar to our previous experiments, we selected a strain that overexpressed a 

candidate insulin-like peptide, INS-39, which has phenotypes similar to that of a daf-2 

mutant. We predicted that this insulin-like peptide, which causes C. elegans to live 

longer, may be able to bring down levels of amyloid-beta and rescue paralysis. We found 

that ins-39 overexpression was able to bring down the percentage of paralyzed animals 

slightly. This finding, although preliminary, is important as it warrants further evaluation 

of this insulin-like peptide, as well as others that are also antagonists. We did not 

examine the ins-39 (oe) strain on its own for paralysis as there is no evidence that daf-2, 

daf-18, or daf-16 mutant animals exhibit any paralysis phenotypes on their own. Future 

experiments should include examining the effects of other long-lived insulin-like peptides 

on amyloid-beta expression. It would be interesting to develop a cocktail of insulin-like 
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peptides that can significantly bring down amyloid-beta-induced paralysis levels. This 

synthesized cocktail of insulins may then be used in mammalian models of AD to 

determine whether it can lower amyloid-beta levels.  

 

5.12 Insulin-like peptide INS-39 may be able to rescue amyloid-beta-induced 

chemotaxis defect 

We once again selected INS-39 as our candidate insulin and examined its effects 

on amyloid-beta-induced chemotaxis. Chemotaxis in C. elegans is controlled by several 

amphid neurons, including the AWC neuron. We used a transgenic strain which 

expressed amyloid-beta pan-neuronally and tested whether INS-39 was able to rescue the 

chemotaxis defect. First, we looked at whether an increase of temperature would cause 

abnormalities in the AWC neuron. The pan-neuronal amyloid-beta strain we used 

contains a smg-1 mutation, which enables amyloid-beta to only be expressed at elevated 

temperatures. The smg-1 (cc546) mutation is an mRNA surveillance system defect, 

which becomes dysfunctional at elevated temperatures around 26°C. In the CL2355 

transgenic strain, amyloid-beta is expressed at low levels at 15°C, but is expressed at high 

levels when shifted to 26°C. At 15°C, when comparing a strain with only ins-39 

overexpression to the same strain in a CL2355 background, the latter had a higher 

percentage of chemosensory neuron abnormalities (blebbing). At an elevated temperature 

of 25°C, both of these strains exhibited a higher percentage of chemosensory neuron 

blebbing. At this elevated temperature, the strain in the CL2355 background likewise had 

a higher incidence of neuronal blebbing, compared to ins-39 overexpression on its own. 

The neurons and its blebs are labelled by the fluorescent marker RFP under the odr-1 
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promoter, which is found exclusively in the AWC neurons. Though we cannot confirm 

whether the RFP-labelled blebs are caused by amyloid-beta, our result is the first to 

suggest that the incidence of these blebs are increased when amyloid-beta is expressed 

and at elevated temperatures. To enhance the strength of this result, it is important to 

study the amyloid-beta strain with a odr-1::rfp marker, on its own, at 15°C and 25°C. 

This would then tell us what ins-39 (oe) does to amyloid-beta expression-induced 

neuronal blebbing at different temperatures.  

In our actual chemotaxis assay, we compared the chemotaxis indices of N2 

wildtype, the CL2355 strain which expresses pan-neuronal amyloid-beta, and the CL2355 

strain in an ins-39 overexpression background. Our results indicated that the chemotaxis 

indices were indeed lowered in strains expressing amyloid-beta, compared to the control. 

There is no evidence that daf-2, daf-18, and daf-16 mutants cause chemotaxis defects on 

their own, but this should be tested in future work. Our results also supported our 

hypothesis that INS-39 overexpression would be able to rescue, at least partly, the 

chemotaxis defects. We found that in an ins-39 overexpression background, the CL2355 

strain experienced a slight improvement in chemotaxis, although this increase was not 

statistically significant. Though only a slight improvement and a preliminary finding, our 

result is interesting and may have important implications. This finding warrants a further 

studying of the ins-39 gene and its roles in regulating amyloid-beta expression. 

Furthermore, it is possible that other insulin-like peptides may also be able to decrease 

amyloid-beta, which is classically known to be a major player in the pathogenesis of AD. 

Our findings may be translated into mammalian models of AD, where doses of C. 

elegans insulin-like peptides may be used therapeutics to control or decreases levels of 
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amyloid-beta protein. It is possible that these insulin-like peptides can prevent or 

decrease buildup of amyloid-beta plaques in the brain of mammals.  

 

5.13 UNC-17 expression is regulated by the insulin-signaling pathway at L1 arrest 

In using a transcriptional fusion Punc-17::gfp strain, we were able to detect unc-

17 expression in C. elegans during development. unc-17 encodes the vesicular 

acetylcholine transporter (VAChT), which is predominantly present in the presynaptic 

terminal, where acetylcholine is channeled into secretory vesicles, making acetylcholine 

available for secretion. Therefore, UNC-17 should be found in abundant levels in the 

neurons of C. elegans, and VAChT should be found abundantly in the mammalian 

nervous system. Furthermore, VAChT levels should be directly correlated with the 

amount of acetylcholine transmitted through the synaptic cleft. In the nervous system, 

acetylcholine functions as a neurotransmitter and as a neuromodulator, and play 

important roles in arousal, attention, memory, and motivation. Individuals with AD have 

decreased levels of acetylcholine in the brain, thereby affecting the aforementioned 

neuronal functions. There are currently several drugs available which exert their effects 

by altering cholinergic transmission. This is a target site of great interest to researchers 

because of its many implications in the autonomic nervous system, brain, and muscle 

activation. One of our goals was to test whether any of our 40 insulin-like peptides may 

be used to increase acetylcholine transmission back to healthy levels in our C. elegans 

AD model.  

We first determined that insulin signaling plays a role in the expression of unc-17 

at the L1 arrest developmental stage. This was done by examining each cell body of the 



 85 

cholinergic neurons in C. elegans, fluorescently labelled by GFP. We had hypothesized 

that daf-2 (e1370) mutants would have higher unc-17 expression, while daf-18 (ok480) 

mutants would have lower unc-17 expression, compared to wildtype. However, when we 

studied the Punc-17::gfp strain in a daf-2 (e1370) mutant background, we found that the 

fluorescence intensity of Punc-17::gfp decreased significantly, compared to wildtype. 

Likewise, we also found that when the strain was in a daf-18 (ok480) mutant background, 

the fluorescence intensity also decreased significantly, but not as much as the daf-2 

(e1370) mutant. Relating to this finding, our behavioural experiments showed that daf-2 

(e1370) animals were dwellers and foraged less than wildtype animals. Although this did 

not support our hypothesis, this is consistent with our finding that daf-2 (e1370) animals 

had a lower Punc-17::gfp expression, as it is known that lowered acetylcholine levels 

decrease movement. Individuals with AD were found to have significantly lower levels 

of acetylcholine in the brain. These results indicate that insulin signaling may play an 

important role in the expression of VAChT in mammalian systems, and that this 

regulation may begin at an early life stage. Therefore, it may be important for humans to 

maintain and control insulin signaling early in life to decrease the likelihood of 

developing conditions and diseases related to defective acetylcholine activity. Our 

findings also warrant careful studying of the 40 insulin-like peptides and their roles in 

UNC-17 expression, as we now know that their overexpression can alter the outcomes of 

the pathway.  
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Conclusions, Limitations and Suggestions for Future Work 
 

In this body of work, we aimed to provide a comprehensive overview of the roles 

of the insulin-signaling pathway and insulin-like peptides in an AD context. This 

included studying the effects of insulin mutants and insulin-like peptide overexpression 

on various AD-related pathologies, including behaviour, neuronal abnormalities, 

amyloid-beta and tau protein expression, stress tolerance, and GABAergic and 

cholinergic neurotransmission. We showed that the insulin signaling pathway had roles in 

foraging behaviour as various mutations of the pathway, such as daf-2 and daf-18 showed 

clear foraging differences in travel pattern, distance travelled, and velocity, compared to 

wildtype. Based on these findings, we then studied the roles of some insulin-like peptides 

on behaviour. We found that animals overexpressing ins-17 and ins-39 foraged distinctly 

from wildtype. Strikingly, we found a novel role for ins-5 in foraging behaviour, in which 

its overexpression caused the animal to forage for a greater distance and with a greater 

velocity, compared to wildtype. This was a key finding in this work as ins-5 was 

categorized as a neutral insulin-like peptide in our previous work. This raises the 

possibility that INS-5 may function through a different receptor or pathway, independent 

of the canonical insulin-signaling pathway. We also determined that insulin-signaling 

pathway mutants and some insulin-like peptides had roles in the regulation of the two 

characteristic proteins of AD, tau (PTL-1 is the ortholog in C. elegans) and amyloid-beta. 

Some of the insulin-like peptides which caused lifespan extension, such as ins-17 (oe) 

and ins-39 (oe) affected the expression of PTL-1. Our work also demonstrated that ins-39 

(oe) may be able to partially rescue amyloid-beta induced paralysis and chemotaxis 

defects. Some of these insulin-like peptides, when overexpressed, are also able to aid C. 
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elegans in resisting sodium azide-induced oxidative stress. For example, ins-5, ins-17, 

and ins-39, when overexpressed, allowed the animal to withstand the sodium azide stress 

for a significantly longer time than wildtype animals. In our sodium azide assays, we also 

found that animals with a ptl-1 null mutation and animals with a daf-18 null mutation 

took a similar time to become anesthetized. This led us to hypothesize that PTL-1 may 

function through the insulin-signaling pathway. Our protein expression assays showed 

that PTL-1 and DAF-18 could be interacting as loss of PTL-1 lowered the expression of 

DAF-18. Finally, we uncovered that the insulin-signaling pathway played roles in the 

GABAergic and cholinergic neurons, which are both involved in the pathogenesis of AD. 

This body of work complements our previous work, in which we mainly focused on the 

aging of neurons in C. elegans.   

It is important to note here that this work was limited due to the high number of 

functional insulin-like peptides in C. elegans, their complex nature, and their diverse 

roles in the body. It was challenging to categorize these 40 insulin-like peptides, as they 

often produced variable results, and their categorizations were inconsistent between 

phenotypes. Although there were several key findings in this body of work, our 

experiments were limited and often inconclusive. Future work should look at one 

phenotype at a time, in order to carefully categorize the 40 insulin-like peptides, with a 

greater sample size and therefore greater confidence. Listed here are several suggestions 

for future work: 

 
1.  Behavioural tracking experiments (Section 4.1) for insulin-signaling pathway 

mutants daf-2 (e1370) and daf-18 (ok480) must be repeated with a greater sample size, 

and data must be quantifiable (e.g. distance travelled, velocity).   
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2.  Behavioural tracking experiments (Section 4.2 and 4.3) for insulin-overexpressing 

mutants (especially ins-5 (oe), ins-17 (oe), and ins-39 (oe)) must be repeated with a 

greater sample size (>15 trials), and data must be quantifiable (e.g. distance travelled, 

velocity). 

 

3.  A daf-18 (ok480) comparison control should be included in the sodium azide 

stress experiments at the adult stage (Section 4.5). This may help in determining insulin-

overexpressing mutants that are agonists of the insulin-signaling pathway, in the context 

of hypoxic stress.  

 

4.  Experiments measuring the expression of Pptl-1::gfp in the ALM cell body at the 

L4 stage (Section 4.9) should include trials with insulin-overexpressing animals that are 

from different categories (agonist, antagonist, neutral), and not just antagonists (ins-17 

(oe), ins-37 (oe), and ins-39 (oe)), as shown. The sample size should also be increased to 

at least 50 animals per strain.  

 

5.  In the experiments measuring PTL-1 expression in the ALM cell body in old 

adults (Section 4.10), daf-2 (e1370) and daf-18 (ok480) comparison controls should be 

added, as it is unclear whether the change in PTL-1 expression, under an ins-17 (oe) 

background is good or bad for the animal.  
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6.  For the experiments measuring the expression of PTL-1 in the adult head (Section 

4.11), a greater sample size (>50 animals per strain) would give more comprehensive 

results with better statistical values. However, using the PTL-1::GFP translational fusion 

protein reporter line may be challenging as this strain has a weak yield of transgenic 

progeny. This low yield is affected further in the insulin-signaling pathway mutants. To 

ensure higher yield, several plates of the animals should be prepared and egg-

synchronized, followed by picking of GFP animals. It would also be useful to integrate 

the PTL-1::GFP translational fusion array as this would provide us with a stable 

integrated line. 

 

7.  For the experiments measuring Pptl-1::gfp transcriptional fusion expression in the 

pharynx of old adults (Section 4.12), future work should include the daf-2 (e1370); Pptl-

1::gfp strain for comparison, as well as any candidate insulin-overexpressing animals to 

determine their effects on PTL-1 expression in the pharynx.  

 

8.  Similar to the DAF-18::GFP translational fusion expression in embryos 

experiments in a ptl-1 null background (Section 4.13), future work should include 

looking at PTL-1::GFP translational fusion expression in the embryos, in a daf-18 null 

background. This experiment may further support our hypothesis that there is an 

interaction between DAF-18 and PTL-1. Embryo time-lapse videos may also support our 

results and would show the real-time expression of GFP throughout embryogenesis. 

Future work can also include studying the effects of ptl-1 null on human PTEN in C. 

elegans.  
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9.  For the experiments looking at the effects of the insulin-signaling pathway 

(Section 4.14) and insulin-overexpressing animals (Section 4.15) on amyloid-beta-

induced paralysis, a greater sample size is recommended for future work. This is 

especially true for any insulin-overexpressing strains tested as our result indicates that 

CL4176 and CL4176 in an ins-39 (oe) background are similar in the percentage of 

animals paralyzed. A greater sample size may give further, more significant, information 

on the effects of ins-39 (oe) on amyloid-beta expression in the muscle wall. Future work 

should also include testing the effects of other insulin-overexpressing animals (namely 

ins-5 (oe) and ins-17 (oe)) on amyloid-beta-induced paralysis. INS-17 has been shown to 

be one of our strongest antagonists, so we hypothesize that this will rescue or slow down 

amyloid-beta-induced paralysis significantly. INS-5 will be good to test as we determined 

a novel role for this insulin-like peptide in behaviour.  

 

10.  For experiments looking at the effects of the insulin-overexpressing mutants on 

amyloid-beta-induced chemotaxis defects (Section 4.16), a greater sample size is 

recommended. In addition to ins-39 (oe), it would be interesting to also look at the strong 

antagonist ins-17 (oe), as well as ins-5 (oe) which was found to have roles in behaviour. 

More importantly, CL2355 strains (pan-neuronal expression of amyloid-beta) in a daf-2 

(e1370) and daf-18 (ok480) mutant background must be constructed and assayed and 

should be used as comparison controls.   
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11.  For the experiments focusing on the AWC neurons in an amyloid-beta transgenic 

background and in varying temperatures (Section 4.17), the odr-1::rfp control is required 

and should be tested in all conditions. This strain is currently unavailable and needs to be 

created in the laboratory.  

 

12.  For the experiments measuring UNC-17 expression in insulin-signaling pathway 

mutant backgrounds (Section 4.18), future work should include examining UNC-17 

expression in various insulin-overexpressing mutants, namely ins-5 (oe), ins-17 (oe), and 

ins-39 (oe). INS-5 was found to have a novel role in our behavioural assays, and INS-17 

and INS-39 are antagonists and long-lived animals. It would be interesting to determine 

what roles these insulin-like peptides have on UNC-17 expression as the transport of 

acetylcholine by UNC-17 is heavily involved in AD. Additionally, using a translational 

fusion reporter of UNC-17 may help us generate more conclusive results.  

 

13.  Our experiments that looked at the localization of DAF-16 in each of the 40 

insulin-like peptide-overexpression backgrounds did not produce conclusive results 

(Appendix C). These strains have been created in this thesis and should be looked at 

more carefully, or be used in different experiments, in future work 
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Appendix 
 
Appendix A. Worm Behaviour Tracking Compared to N2 Wildtype  

 
Categorization Score 

Given 
Score Total 

Class A – under roams 1 point 3 - 4  points 
Class B – neutral 2 points 5 - 7 points 

Class C – hyper roams 3 points 8 - 9 points 
 

Strain Trial 1 Trial 2 Trial 3 Average  Triplets Triplet 
Score 

daf-2 (e1370) A A A A  AAA 3 
daf-18 (ok480) C C C C  CCC 9 
daf-16 (mu86) A A/B B A/B  BBB 6 
ptl-1 (ok621) C C B/C C  CCC 9 

ins-1 (oe) A A 
 

A  ABB 5 
ins-2 (oe) B B B B  BBB 6 
ins-3 (oe) - - -     
ins-4 (oe) B 

  
B  BBB 6 

ins-5 (oe) C C C C  CCC 9 
ins-6 (oe) - - -     
ins-7 (oe) - - -     
ins-8 (oe) - - -     
ins-9 (oe) - - -     

ins-10 (oe) B B C B  BBB 6 
ins-11 (oe) - - -     
ins-12 (oe) B 

  
B    

ins-13 (oe) B 
  

B    
ins-14 (oe) A A A A  BBC 7 
ins-15 (oe) - - -     
ins-16 (oe) - - -     
ins-17 (oe) A B A A  AAA 3 
ins-18 (oe) - - -     
ins-19 (oe) - - -     
ins-20 (oe) - - -     
ins-21 (oe) A/B 

  
A/B    

ins-22 (oe) B 
  

B    
ins-23 (oe) B 

  
B    

ins-24 (oe) B 
  

B    
ins-25 (oe) B B 

 
B  BBC 7 
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ins-26 (oe) B 
  

B    
ins-27 (oe) - - -     
ins-28 (oe) B B B B  AAA 3 
ins-29 (oe) B 

  
B    

ins-30 (oe) B 
  

B    
ins-31 (oe) B 

  
B    

ins-32 (oe) - - -     
ins-33 (oe) B 

  
B    

ins-34 (oe) B 
  

B    
ins-35 (oe) B 

  
B    

ins-36 (oe) B 
  

B    
ins-37 (oe) B 

  
B    

ins-38 (oe) B 
  

B    
ins-39 (oe) A A/B A/B A/B  BBB 6 
daf-28 (oe)  - - -     
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Appendix B. Yeast Two-Hybrid Results 
 

Top left: pIC187 (VAB-1 binding domain) + 
pIC302 (NCK-1 full length) [positive control] 
 
Top right: pGBKT7 vector + pIC1195 
(activation domain of PTL-1 cDNA) [negative 
control] 
 
Bottom left: pIC129 (binding domain of DAF-
18 C-terminal) + pGADT7 vector [negative 
control] 
 
Bottom right: pIC129 (binding domain of DAF-
18 C-terminal) + pIC1195 (activation domain of 
PTL-1 cDNA) [result: negative interaction] 

(Y153 and Y190 competent yeast cells) 
 
 

 
 
 

Note: number in brackets indicates isolate number 
 

(+) pIC187 (VAB-1 binding domain) + pIC302 
(NCK-1 full length) [positive control] 
 
(A) pIC544 (5) (full length DAF-18) + pIC1195 
(2) [result: negative interaction] 
 
(B) pIC127 (1) (DAF-18 N-terminal) + pIC1195 
(2) [result: negative interaction] 
 
(C) pIC166 (1) (DAF-18 phosphatase) + 
pIC11995 (2) [result: negative interaction] 
 
(D) pIC129 (4) (DAF-18 C-terminal) + pIC1195 
(2) [result: negative interaction] 

(New Y190 competent yeast cells)   
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(+) pIC187 (VAB-1 binding domain) + pIC302 
(NCK-1 full length) [positive control] 
 
(E) pIC544 (5) (full length DAF-18) + pIC1195 
(6) [result: negative interaction] 
 
(F) pIC127 (1) (DAF-18 N-terminal) + pIC1195 
(6) [result: negative interaction] 
 
(G) pIC166 (1) (DAF-18 phosphatase) + 
pIC11995 (6) [result: negative interaction] 
 
(H) pIC129 (4) (DAF-18 C-terminal) + pIC1195 
(6) [result: negative interaction] 

(New Y190 competent yeast cells)   
 
 
 
 
Appendix C. DAF-16 Localization  
 

Strain Heat shock at 34°C for 1 hour Recovery at room temperature for 3 hours 
N2 control N C 

daf-2 (e1370) N C/N 
ins-1 (oe) - - 
ins-2 (oe) C C 
ins-3 (oe) C C 
ins-4 (oe) - - 
ins-5 (oe) - - 
ins-6 (oe) C C 
ins-7 (oe) C C 
ins-8 (oe) I C 
ins-9 (oe) - - 

ins-10 (oe) C C 
ins-11 (oe) - - 
ins-12 (oe) C C 
ins-13 (oe) - - 
ins-14 (oe) - - 
ins-15 (oe) - - 
ins-16 (oe) - - 
ins-17 (oe) VN N/C 
ins-18 (oe) C C 
ins-19 (oe) C C 
ins-20 (oe) VN C 
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ins-21 (oe) - - 
ins-22 (oe) - - 
ins-23 (oe) C C 
ins-24 (oe) N C 
ins-25 (oe) - - 
ins-26 (oe) - - 
ins-27 (oe) - - 
ins-28 (oe) VN N/C 
ins-29 (oe) N N 
ins-30 (oe) - - 
ins-31 (oe) C/N C 
ins-32 (oe) - - 
ins-33 (oe) I C 
ins-34 (oe) C C 
ins-35 (oe) - - 
ins-36 (oe) C C 
ins-37 (oe) VN C 
ins-38 (oe) - - 
ins-39 (oe) VN C 
daf-28 (oe) - - 

 
N = nuclear DAF-16 
I = intermediate DAF-16 (single worm shows both nuclear and cytoplasmic DAF-16) 
C = cytoplasmic DAF-16 
N/C = more worms show nuclear DAF-16, some worms show cytoplasmic DAF-16 
C/N = more worms show cytoplasmic DAF-16, some worms show nuclear DAF-16  
VN = “very” nuclear (i.e. clear, bright DAF-16 nuclear localization)  


