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Abstract 

  Sleep is an evolutionary conserved behaviour which in most species is essential 

for survival. However, the mechanisms involved in the genetic regulation of sleep remain 

poorly understood. C. elegans exhibit a number of sleep-like behaviours: a) lethargus 

which is a developmental period between moults, b) satiety which occurs after feeding 

and c) after long durations of thrashing in liquid media.  We have isolated a C. elegans 

G-protein coupled receptor, named NPR-14,that is most similar to the human orexin 

receptor 2 and is involved in the above behaviours and functions through a protein kinase 

G - dependent and independent pathways. NPR-14 works together with other signalling 

pathways that have been implicated in sleep regulation including Notch, GABA, and 

insulin signalling. A null mutation in npr-14 results in anachronistic quiescence 

especially in the presence of food. It also results in egg-laying defects, episodic 

swimming behaviour, asynchronicity during development and despite feeding less these 

mutants appear to accumulate more fat than N2 worms.  
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Chapter 1 

General Introduction 

1.1 Introduction 

 Sleep is essential for one's health and well-being. It is a behaviour that is tightly 

regulated in its depth, duration and time of occurrence. Deprivation of sleep can lead to 

both cognitive and physiological effects including a decrease in alertness, memory, 

metabolism and even death. Sleep is highly conserved amongst species.  However, the 

mechanisms and the genetic regulation of the sleep-wake cycle are still poorly 

understood.  

 The study of the genetics of sleep is a growing area in behavioural research.  

Researchers have turned to model organisms to look for similarities to what is known 

about mammalian sleep. In mammals a variety of neuropeptides such as 

hyprocretin/orexin, neuropeptide S, prolactin releasing peptide, epidermal growth factor 

(EGF), pigment dispersing factor (PDF) , neuromedin S and prokineticin act through 

receptors to regulate the behaviours controlled by the circadian clock (Cheng et al. 2002; 

Kramer et al. 2001; Xu et al. 2004; Lin et al. 2002; Mori et al. 2005) . Peptide signalling 

through PDF and EGF appear conserved in the sleep/wake behaviours in Drosophila 

melanogaster and Caenorhabditis elegans (Parisky et al. 2008; Crocker and Sehgal 

2010).The conservation of components controlling sleep/wake behaviours between 
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organisms extends to the core circadian protein, PERIOD, and signaling molecules such 

as cAMP- dependent protein kinase, (PKA), cyclic GMP-dependent protein kinase, 

(PKG) (Jeon et al. 1999; Monsalve, Van Buskirk and Frand 2011). In this thesis we 

examined a C. elegans G-protein coupled receptor (GPCR), named NPR-14 

(NeuroPeptide Receptor-14), that appears to be most closely related in amino acid 

sequence to the human orexin receptor 2. The signaling pathway from NPR-14 is 

unknown as is the ligand that may interact with the receptor to activate or repress its 

activity. As orexin signalling defects in mammals leads to a spontaneous sleep condition 

known as narcolepsy, uncovering the signaling mechanism that NPR-14 may provide 

testable targets for intervention in mammalian systems.  

1.2 The model organism: Caenorhabditis elegans 

 C. elegans is a transparent free-living non-parasitic nematode. The C. elegans 

genome is easy to manipulate and study. It's fully sequenced genome is relatively small 

with only 97 Megabases, compared to the human genome which is 3000 Megabases. 

Despite its lack of complexity, the worm genome has a number of genes that share 

homology with those of humans. Human genes have been shown, in some cases, to 

replace their homologs in a worm. C. elegans exhibits a fast life cycle, from egg to adult 

inapproximately 3 days at 20C. C. elegans naturally occurs in 2 sexes. Hermaphrodites 

have 5 autosomal chromosomes and 2 sex chromosomes, XX, while male C. elegans lack 

a second X chromosome (XO). Its short life cycle, simple genome and the occurrence of 

2 sexes make C. elegans ideal for use in genetic crosses.   
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 C. elegans is a powerful tool in the study of neurobiology. The C. elegans cell 

lineage has been determined, from a single cell to 959 somatic cells, 302 are neurons in 

an adult hermaphrodite. Males have 383 neurons. Its connectome has been fully mapped, 

with approximately 7000 chemical synapses, with 2000 occuring at neuromuscular 

junctions. Neurons can be visualized with the use of fluorescent markers with ease 

because C. elegans are transparent. Neuronal activity can also be measured with the use 

of genetically encoded calcium sensitive fluorophores such as GCaMP. Their neurons can 

be ablated using various methods and the resulting behaviours can be observed.  

 C. elegans development from egg to adulthood is a highly regulated process. It 

has four larval stages, L1, L2, L3 and L4 before maturing to adulthood. At 20ºC eggs 

hatch 9 hours after they are laid and the post-embryonic stage starts with the first larval 

stage, L1 stage, that lasts for a 12-hour duration. If there is no food in their environment 

when worms hatch, they can arrest at the L1 stage, once reintroduced to food their life 

cycle continues. Under special conditions such as high temperature, minimal food density 

or high population L1 stage animals enter a dauer stage instead of developing into L2 stage 

animals. The L2 stage follows for a duration of 8 hours.  After 17 hours dauer animals can 

become L4 larval worms if their environment has improved (Corsi, 2006). Similarly the 

larvae have an 8 hour L3 stage followed by L4. Before L4 larvae become adult they feed 

and grow for 10 hours. After eight hours newly emerged adults become competent in 

laying eggs (Byerly et al., 1976). In between each larval stage is a period of lethargus, a 
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sleep-like state, which is approximately 2 hours in duration. In this period, synaptic 

changes occur (Raizen et al. 2008).    

1.3 Neurotransmission 

 Neurotransmission occurs when a presynaptic neuron releases neurotransmitters 

or neuropeptides to bind to a receptor on the post-synaptic neuron to elicit a response. 

Some neurotransmitters are inhibitory, such as GABA, while others are excitatory such as 

acetylcholine. C. elegans are excellent model organisms in the study of 

neurotransmission because all of their chemical synapses have been fully mapped.  

Neurotransmission begins with an action potential travelling down an axon, to the axon 

terminal.  The action potential depolarizes the membrane and allows for the intake of 

calcium via voltage-gated ion channels. The influx of calcium signals vesicles containing 

neurotransmitters to move towards the membrane and fuse with the axon terminal.  

Neurotransmitters are released into the synaptic space, and then bind to the receptors on 

the post-synaptic neuron. Once the neurotransmitters have relayed the message to the 

post-synaptic neuron, they are released. Some of the neurotransmitters may be degraded 

proteins in the synaptic space, and others are taken back into the presynaptic neuron by 

transporter proteins and repackaged  into vesicles. Neuropeptides act in a similar fashion, 

however they are packaged in dense core vesicles.  

1.3.1 Neuropeptides  

  C. elegans has 113 neuropeptide genes that have been identified and can 

potentially produce around 250 neuropeptides (Bendena et al. 2012). In C. elegans, 
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neuropeptides modulate synaptic activity and a variety of different behaviours, including 

egg-laying, locomotion, and response to chemicals and mechanostimulation. 

Neuropeptide precursors may contain a single neuropeptide, multiple neuropeptides or 

multiple copies of a single neuropeptide.  Neuropeptides require post-translational 

modifications to be fully functional. A mutation in any of the genes involved in the 

processing of neuropeptides can result in a plethora of phenotypes, because neuropeptides 

modulate a number of behaviours. After translation, the pre-proneuropeptide is cleaved 

by signal peptidase in the endoplasmic reticulum and moved into the Golgi apparatus and 

eventually packaged into dense core vesicles where further processing occurs. The 

propeptide is then cleaved by a proprotein convertase, such as EGL-3. Researchers were 

unable to isolate any neuropeptides from animals with null alleles of egl-3 (n729 or 

gk238), which suggests that egl-3 is required for neuropeptide processing, however some 

levels of FMRFamide-like immunoreactivity were detected (Husson et al. 2006; Kass et 

al. 2001). The peptide is further cleaved by a carboxypeptidase. egl-21 encodes 

carboxypeptidase E, a null mutation in this gene has more severe defects than those seen 

in an egl-3 null. It was hypothesized that egl-3 is required for processing FLP precursor 

molecules, because an egl-3 null has low FLP immuno-reactivity (Jacob and Kaplan 

2001). Most neuropeptides require further modification at either the C-terminus or N-

terminus. C. elegans neuropeptides are generally C- terminally amidated. Fully processed 

neuropeptides remain in dense core vesicles, until the vesicles are transported to the 

membrane. UNC-31, calcium-dependent activator protein (CAPS) is involved in dense 
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core vesicle trafficking (Sieburth et al. 2007). Dense core vesicles can release 

neuropeptides at the axon or dendrites, not just the axon terminal. If a phenotype is 

rescued by a null mutation in egl-21, egl-3, or unc-31, it is generally indicative that the 

phenotype was a result of improper neuropeptide signalling as these three genes affect 

neuropeptide processing and release. Once released, neuropeptides act on their respective 

G-protein coupled receptors (GPCRs). Most, if not all, neurons in C. elegans synthesize 

and release neuropeptides (Holden-Dye and Walker 2013). 

1.3.2 G-protein coupled receptors GPCRs  

 G-protein coupled receptors are a family of 7 transmembrane domain receptors 

that signal through intracellular G-proteins. G-proteins are heterotrimeric, they have three 

subunits, Gα, Gβ and Gγ. Two of the subunits, Gα and Gγ, are attached to the membrane 

by lipid anchors, while Gβ is attached to Gα and Gγ when the G-protein is inactive. In its 

inactive state, guanosine diphosphate (GDP) is bound to Gα and the heterotrimeric G-

protein is bound to the receptor.  Once the receptor is activated by an agonist, a 

conformational change occurs in the GPCR. Guanosine triphosphate (GTP) replaces GDP 

on the Gα. subunit. The G-protein dissociates into two dimers, the GTP- Gα. and Gβ-Gγ, 

both remain attached to the membrane but are no longer bound to the GPCR. Both dimers 

can trigger signal transduction pathways via ion channels, secondary messengers or 

cellular enzymes.  

 Approximately 40% of all pharmaceutical prescription drugs target GPCRs.  

GPCRs are the largest family of genes in C. elegans. Many of C. elegans GPCRs have 



 

7 

 

similar functions with their mammalian counterparts. In fact, human GPCRs can be 

expressed in C. elegans. For example the human chemokine receptor 5 has been 

expressed  in C. elegans ASH and ADL sensory neurons which uncovered receptor 

agonist residues that had not been previously described (Teng et al. 2008).  

 There are multiple ways to test GPCR activity. C. elegans GPCR cDNAs can be 

cloned into a mammalian expression vector then transfected into a mammalian cell line 

such as Chinese hamster ovary (CHO), for expression. The most frequently used assay 

involves measuring calcium mobilization upon receptor activation. In these assays 

neuropeptides can be introduced to elicit a response which is measured by [
35

S]GTPγS or 

cAMP levels. Despite the various techniques available for measuring GPCR activity in C. 

elegans, very few neuropeptide GPCRS have been deorphaned, their respective ligands 

remain unknown. Not all C. elegans GPCRs can be functionally expressed in mammalian 

cells (Bendena et al. 2012). The failure to function in mammalian cells may result from 

the C. elegans GPCRs not folding properly due to the composition of the mammalian 

membrane. Additionally, the temperature required for mammalian cell culture (37ºC) is 

higher than the normal growth temperature of C. elegans which may impact on 

membrane fluidity requirements (Bendena et al., 2012)  

1.4 Orexin (hypocretin) signalling  

 Orexins (also known as hypocretins) are neuropeptides that are involved in 

promoting wakefulness in mammals (Sakurai et al. 1998; de Lecea et al. 1998). In 

mammals, orexins are expressed predominantly in neurons in the lateral hypothalamus,  
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which is an area that regulates homeostatic control of food intake and energy metabolism, 

hence the name orexin is derived from the Greek word for appetite, orexis (Sakurai et al. 

1999). Orexin-expressing neurons have wide projections, into other regions of the brain, 

brain stem and spinal cord which suggests that orexins may be involved in multiple 

pathways. 

 Orexin Receptor 2 (OX2R), also known as Hypocretin Receptor (HCRTR2), is a 

neuropeptide GPCR that is expressed in various parts of the brain. There are 2 orexin 

receptors, OX1R and OX2R, however only OX2R appears to be involved in the regulation 

of sleep. Orexin A shows a high binding affinity to both OX1R and OX2R, while orexin B 

shows higher affinity for OX2R. Unlike their ligands, orexin receptor expression is 

widespread in the brain. OX1R mRNA is largely expressed in the ventromedial 

hypothalamic nucleus while OX2R is expressed in the paraventricular nucleus (Trivedi et 

al. 1998).  The interaction of orexins and OX2R are important in the regulation of REM 

sleep (Chemelli et al. 1999). Narcolepsy in mice and dogs is caused by a mutation in 

either the orexin receptor or orexin genes. NPR-14, a neuropeptide receptor in C. elegans 

is similar to human OX2R (Figure 1).  Previous work in our lab has shown that NPR-14 

has similar functions in the regulation of sleep, reproduction and metabolism (Torki, 

2009).   The loss of neurons that produce orexins have been shown to cause narcolepsy in 

both humans and mice. Genetic ablation of orexin-expressing neurons in mice resulted in 

symptoms similar to human narcolepsy, including behavioral arrests, premature entry into 

rapid eye movement (REM) sleep, poor sleep patterns, and late-onset obesity, despite 
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eating less than their nontransgenic littermates (Hara, J. et al. 2001). Human narcoleptics 

have fully functional orexin receptor and orexin genes, however they have 85%-95% 

fewer orexin expressing neurons (Thannickal et al. 2000).  
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Figure 1: Blastp alignment for C.elegans NPR-14 and Homo sapiens OX2R. 
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1.5 Sleep  

 Generally, human adults need 7-8 hours of sleep to feel well-rested, however the 

amount of sleep required by individuals varies. This is determined by a number of factors 

including activity levels and genetics. Time of sleep is determined by the circadian 

system in the brain, however how the body decides how much sleep an individual needs 

is less understood (Crocker and Seghal 2010). 

 Sleep progresses through a series of steps, each phase has characteristic brain 

activity. Sleep in humans is generally measured by the electrical activity in the cerebral 

cortex using an electroencephalogram (EEG). There are five stages of sleep in mammals. 

The first stage of sleep is the transition between wakefulness and sleep. It generally lasts 

5-10 minutes and the brain produces high amplitude theta waves. In the second stage, the 

brain produces rapid rhythmic waves known as sleep spindles. This stage is also very 

short in duration. Stage three is the transition between light and deep sleep, the brain 

begins to produce delta waves. Stage four is a deep sleep that lasts around 30 minutes. 

The last stage of sleep is known as REM (rapid eye movement) sleep. It is characterized 

by increased respiration and brain activity. Dreams occur during REM sleep. Sleep 

proceeds through these steps in a cyclical manner, however it doesn't necessarily occur in 

the same order. Usually sleep ends in the second stage.  

 Sleep deprivation impairs cognitive and motor performance. Deprivation of sleep 

has been shown to have debilitating effects. Partial sleep deprivation can seriously affect 

mood, motor and cognitive function. It can also affect immune response. Sleep 
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deprivation can lead to a decrease in natural killer cells and T-cell cytokines, however, 

cell activity returns to normal after recovery sleep (Irwin et al. 1996). The rise in obesity 

has been paralleled with chronic sleep deprivation in modern society. In a study that 

compared habitual sleep duration and weight gain over the course of 16 years, researchers 

found that shorter sleep durations can lead to modest weight gain and may lead to obesity 

(Patel et al. 2006).  

 Since the discovery of genes involved in sleep, researchers have turned to model 

organisms to gain a better understanding of the genetic regulation of sleep. Zebrafish, 

flies, dogs, mice and worms are the most popularly used model organisms in the study of 

sleep. However, it is important to note that the sleep observed in lower organisms, such 

as the worm is dramatically different from sleep observed in humans. For example sleep 

is observed during developmental periods in worms, not in a 24 hour circadian rhythm  

like humans. There are also significant differences in sleep in mammals, not all mammals 

undergo REM sleep. Nonetheless, the complexity of sleep in mammals has led 

researchers to turn to model organisms to gain a better understanding of signaling 

pathways that regulate sleep.  

1.6 Sleep-like behaviour in C.elegans  

 Sleep-like behaviour was observed in C. elegans during a developmental state 

called lethargus which was characterized by a decrease in movement and cessation of 

feeding (Raizen et al. 2008). During lethargus, a buccal plug is formed at the worm's 

mouth to prevent it from feeding. It is also characterized by reduced muscle activity 



 

13 

 

resulting in reduced movement and a typical posture compatible with relaxed muscles 

(Schwarz, Spies and Bringmann 2012). Like sleep in humans there is a rhythm to 

lethargus, it occurs during distinct periods that are consistent in wild type animals. 

Lethargus lasts about 2 hours and occurs in between each larval stage, L1-L2, L2-L3, L3-

L4 and L4-adult. The timing of lethargus is determined by the activity of a  heterochronic 

gene, lin-42. LIN-42 most closely resembles the Period (PER) protein in Drosophila 

which is involved in the regulation of circadian rhythms. lin-42 mRNA and protein levels 

cycle and oscillate relative to lethargus and moult (Jeon et al. 1998).   Inactivation of lin-

42 causes arrhythmic moults, while overexpression results in anachronistic lethargic 

behaviour (Monsalve, Van Buskirk and Frand  2012).   Lethargus does not occur in a 

circadian rhythm. It is a developmental stage in which synaptic changes occur , 

suggesting that evolutionarily sleep may have had  a role associated with development.  

 Behavioural quiescence is a reversible state, forward movement after strong 

mechanical stimulation during lethargus is as fast as movement during normal activity 

(Raizen et al. 2008). When deprived of sleep during lethargus, via mechanical 

stimulation, C. elegans will sleep deeper and longer to compensate once the stimulus is 

removed (Raizen et al. 2008).  Worms will respond less to stimuli after being deprived of 

sleep. Lethargus is not completely passive, worms will occasionally have bouts of 

movement and assume an active sinusoidal posture which is similar to that of an awake 

worm; these bouts also predict the length of the following quiescent bout (Iwanir et al. 

2013).  
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 Lethargus is characterized by decreased responsiveness to chemical and 

mechanical stimuli. Thus, sensory gating is an important aspect in the maintenance of 

lethargus. Arousal threshold is increased during lethargus, worms respond less to 

stimulation.  Spontaneous neural activity in the sensory neurons is also reduced during 

lethargic periods, stimulus-evoked calcium transients and behavior were reduced in the 

neuron ALM during the sleep-like state (Schwarz, Lewandrowski, and  Bringmann 

2012).  

1.6.1 egl-4 encodes a cGMP-protein kinase that is required for lethargus in C. 

elegans 

 Egg laying defective mutant #4 (egl-4) is expressed in the sensory neurons and 

other head neurons, body wall muscle, intestine and hypodermis. It encodes a PKG 

(Protein kinase G) or cGMP-protein kinase (cyclic Guanosine MonoPhosphate),  that is 

similar to human PKG1 (Hirose et al. 2003). cGMP-protein kinases are effectors of 

cGMP, which are important secondary messengers that are involved in the regulation of a 

number of processes including vasodilation,  smooth muscle movement, cell division and 

immune function in mammals. In C. elegans it is important for longevity, dauer 

formation, fat accumulation and roaming activity. egl-4 also has a role in long-term 

olfaction adaptation and nociceptive behavioural sensitivity (L'Etoile et al. 2002; 

Kryzanowski et al. 2013) 

 A gain-of function egl-4 allele ad450, which will be referred to as egl-4GF for 

simplicity, was isolated in a screen for reduced pharyngeal pumping despite the presence 
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of abundant food (Avery 1993). egl-4GF mutants have reduced longevity, smaller body 

size, reduced activity on food, pale intestine, decreased dauer formation and increased 

intestinal fat accumulation (Raizen et al. 2006). Interestingly, EGL-4 protein levels are 

less in the egl-4GF mutant it is speculated that increased kinase activity, a change in 

subcellular distribution of the protein or negative feedback regulation of EGL-4 protein 

levels by egl-4 gene activity is responsible for the gain of function phenotypes, despite 

lower protein levels than N2 worms (Raizen et al. 2006). On NGM plates, egl-4GF has 

fewer worm tracks, while egl-4LF has more worm tracks than N2 worms (Fujiwara, 

Sengupta, and McIntire 2002). The lack of roaming behaviour in egl-4GF mutants is not 

due to grossly abnormal chemosensation or ability to move, rather these mutants appear 

to lack the motivation to move (Raizen et al. 2006). Overall, egl-4GF appears to have the 

opposite phenotype of egl-4LF.   

Lethargus is not the only behaviour categorized as sleep-like in C. elegans. Other 

types of sleep include: a) Anachronistic quiescence (defined as sleep out of chronological 

order (Van Buskirk and Sternberg 2007; Singh et al. 2011; Raizen et al. 2008;  Nelson et 

al. 2013) b) Sleep-like behaviour   observed after energy expenditure in liquid media,and 

c)  Satiety. 

1.6.2 Anachronistic quiescence 

 Anachronistic quiescence is observed when C. elegans enters a sleep-like state in 

periods outside of the normal lethargus periods. In addition to EGL-4, OSM-11 which is 

a Notch co-ligand appears to be associated with anachronistic quiescence. OSM-11 is 
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expressed in seam cells, and acts non-cell autonomously in the sensory neurons to 

regulate quiescence and the animals normal avoidance of the alcohol octanol. osm-11 

mutants have a reduced octanol avoidance response. This response can be partially 

rescued by egl-4 GF (Singh et al. 2011).  Notch signalling is a highly conserved pathway 

involved in development and cell fate specification, however roles outside of 

development have not been well defined. Singh and colleages (2011) proposed that notch 

signalling has a major role in sensory gating during lethargus. Increased activation of 

Notch receptors, LIN-12 and GLP-1 by overexpression of osm-11 induced anachronistic 

quiescence in adult worms in an egl-4 and EGFR (Epidermal Growth Factor Receptor) 

dependent manner. The neuropeptide nlp-22 also appears to play a role in anachronistic 

quiescence but the cognate receptor is unknown (Nelson et al. 2013) 

 

1.6.3 Quiescence in liquid media  

 On solid media, C. elegans movement has been well defined. Worms move by 

generating sinusoidal body bends along its dorsal-ventral (D-V) side. Another form of 

motility in C. elegans is swimming or thrashing.  Movement in liquid media was once 

thought to be undirected, hence the classification "thrashing." Recent studies have shown 

that C. elegans use swimming to efficiently "chemotax" to a more favourable 

environment, swimming behaviour is a more directed form of motion than once thought 

(Pierce-Shimomura et al. 2008). Swimming and crawling behaviours are controlled by 
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different muscles; unlike crawling, swimming requires sensory input. (Pierce-Shimomura 

et al. 2008). 

  In liquid media, worms alternate between different states of swimming and 

quiescence which is influenced by a deterministic timing mechanism (Ghosh and 

Emmons 2008). During quiescence in liquid, worms maintained a straight rather than 

sinusoidal posture, often with a slight bend that gradually straightened, similar to the 

quiescent posture on solid media. Sensory input is required to maintain proper swimming 

behaviour. Pierce-Shimomura and colleagues (2008) found that sensory mutants were 

unable to maintain swimming in liquid media, some strains exhibited crawling behaviour, 

while others were characterized as "fainters" when they stop movement and remain 

immoble before reinitiating movement. egl-4 acts in multiple sensory neurons to promote 

quiescence (Ghosh and Emmons 2010). A mutation in egl-4 decreases the duration in 

both swimming and quiescent bouts (Ghosh and Emmons 2010). The absence of GABA 

also has an effect on the timing of the transition between swimming and quiescence.unc-

25 encodes the GABA biosynthetic enzyme glutamic acid decarboxylase, which is 

required for all GABA-mediated behaviours (Jin et al. 1999).  unc-25 mutants have a 

shorter quiescent bouts than wildtype worms (Ghosh and Emmons 2008). 

 

1.6.4 Satiety  

 Appetite in mammals is regulated by signals that are sent to the hypothalamus. 

The hypothalamus integrates these signals, and then initiates a specific sequence of 
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behaviors which are indicative of satiety: termination of  meals, reduction  of  

locomotion, and rest or sleep  (Antin et al. 1975). In C. elegans feeding rates differ in the 

presence or absence of food, and are controlled by the rate of pharyngeal pumping (You 

et al. 2006). When placed on high quality food, such as E. coli HB101, worms displayed 

the behavioural sequence of satiety (You et al. 2008).  Food quality is defined by "ability 

to support growth" (Shtonda and Avery 2006). Quiescence is also determined by previous 

exposure to food, worms that are starved and then reintroduced to food will undergo 

enhanced quiescence (You et al. 2008). Mutants that are defective in satiety are also 

defective in fat accumulation.  

  Satiety quiescence is regulated by peptides since, egl-3, which encodes 

proprotein convertase  and egl-21 which encodes carboxypeptidase E  abolished 

quiescent behaviour due to satiety (You et al. 2008). Mutations in these genes eliminates 

most peptidergic signals. unc-31 which encodes CAPS which is involved in the 

transportation of peptides also did not show quiescence (You et al. 2008). egl-4, TGFβ 

and insulin signalling also have a role in regulating satiety. egl-4LF mutants showed no 

quiescence, while egl-4GF mutants showed increased quiescence (You et al. 2008). 

TGFβ and insulin signalling regulate satiety in an egl-4 dependent manner. Notch 

signalling pathway genes had no impact on satiety quiescence (You and Avery, 

unpublished results). Satiety quiescence may have other sensory gating mechanisms that 

are independent of those in lethargus.  
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1.7 Background of our work  

 We have isolated a G-protein coupled receptor (GPCR) in C. elegans that is 

similar in sequence to insect allatostatin receptors and human orexin receptor. Orexin 

neurons, in humans, play an important role in promoting wakefulness. In C.elegans, npr-

14 is expressed in chemosensory neurons, the VC neurons in the vulval region, and the 

DD and VD motor neurons (Torki 2009). C. elegans choose their environment based on 

external cues including food availability and internal cues that rely on energy demand 

and nutritional state, these cues determine roaming behaviour. Previous work in our lab 

has shown that npr-14 mutants exhibited limited roaming on food compared to off food, 

increased fat accumulation, egg-laying defects and episodic swimming behaviour (Torki 

2009). Upon further analysis npr-14 mutants also showed a lack of pharyngeal pumping 

during quiescent bouts, which is a characteristic observed during lethargus. These 

phenotypes led us to believe that npr-14 may be involved in the regulation of quiescence.  

 

 My working hypothesis is that npr-14 plays a role in several C. elegans sleep-like 

behaviours and may do so through interaction with known regulators of sleep, egl-4 , 

osm-11, and unc-25.  

 

 



 

20 

 

 

Chapter 2 

Material and Methods 

2.1 Maintenance of Nematodes 

        All nematode strains were kept at 20˚C and maintained on the standard nematode 

growth medium (NGM) plates with live E. coli OP50. Mutant strain npr-14(tm2974), was 

obtained from S. Mitani at the Japanese National Bioresource laboratory and out crossed 

a minimum of five times. PCR amplification was used to verify that the deletion was 

present.  osm-11 mutant (n1604), unc-25 mutant (e156) and egl-4 mutants (ad450) (n479) 

were obtained from Caenorhabditis Genetics Center (CGC), which is funded by NIH 

Office of Research Infrastructure Programs (P40 OD010440). HA1133 hsp::OSM-11 

marked with Pelt-2::GFP which was integrated by UV irradiation, and backcrossed six 

times was obtained from the lab of Dr. A Hart at Brown University. PS5009 hsp::LIN-3 

was obtained from Dr. P. Sternberg at California Institute of Technology.  
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2.2 Strains 

Within this thesis the following strains are used;  

N2 wild-type 

TM2974, npr-14 (tm2974) I 

RB712, daf-18 (ok480) IV 

MT3643, osm-11 (n1604) X 

CB1370, daf-2 (e1370) III 

CB156, unc-25 (e156) III 

MT1074, egl-4 (n479) IV 

DA521, egl-4 (ad450) IV 

HA1133, hsp::OSM-11 

PS5009,  hsp::LIN-3  

npr-14 (tm2974); mIs11 

npr-14 (tm2974);egl-4(n479)LF;him-5(e1490) 

npr-14 (tm2974);egl-4(ad450)GF;him-5(e1490) 

npr-14 (tm2974);osm-11(n1604) 

npr-14 (tm2974); hsp::OSM-11 

npr-14 (tm2974); daf-18 (ok480) 

npr-14 (tm2974); unc-25(e156);him-5(e1490) 
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2.3 Primers used  

Table 1: Primers used 

Target 

genes 

Primer sequence size 

1- npr-14 

coding  

F     5’-AATTGCTAGATGGTTGGACTACAATAACGTTACGTTACGTCAG - 3’ 

R     5’-AATTGGATCCTCATCCCGAAGAAGACAGCAGCATACTACT-3’ 

1029bp 

2- egl-4  F     5’-ATGAGTAAAGGAGAAGAACTTTTCAC-3’     

R     5’-AAGGGCCCGTACGGCCGACTAGTAGG-3’     

927 bp 
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2.4 npr-14 in pcDNA 3.1  

 The final PCR reaction mixture (25 µl) contained  2µl cDNA library RB2 (R. 

Barstead, Oklahoma Medical Research Foundation, Oklahoma City), 1µLPrimers in 

10uM each of forward and reverse primer (Primer set 1; Table 1), 8.5 µl ddH2O, and 12.5 

µl HiFi Hotstart Premix from Kapa Biosystems . The reaction was incubated at 95 
°
C for 

2 minutes, followed by 30 cycles of 20 s at 98 
°
C, 15 s at 65 

°
C, and 30s at 72 

°
C. A final 

incubation at 72 
°
C for 2 minutes was performed and then the PCR product was stored at 

4 
°
C. The final product and pcDNA 3.1 were cut by Nhe1 and BamH1. The PCR product 

was then ligated into the vector using T4 DNA ligase from Fermentas. The final product 

was confirmed by  sequencing at Operon. Once confirmed, the plasmid was sent to Dr. 

Isabel Beets of KU Leuven.  

2.5 RNA isolation  

 The sucrose flotation method used to clean worms was based on the protocol 

obtained from the Ron Lab. M9 was used to wash 5 densely populated 10cm plate sand 

collected worms were pooled into one 50mL tube. The tube was centrifuged at 3000 rpm 

and the supernatant aspirated. Then, 4ml of ice cold 0.1M NaCl was added to the pelleted 

worms, and the resulting solution transferred into a 15ml tube. It was washed again with 

10ml ice cold 0.1M NaCl, and pelleted at 3000rpm. Worms were resuspended with 5ml 

ice cold 0.1M NaCl, and an equal volume of ice cold 60% sucrose was added. The tube 

was mixed quickly, and 2ml 0.1M NaCl was layered on top of the solution. The tube was 

centrifuged at 3000rpm for 5 minutes, and the live worms should appear in the interface 
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of the NaCl and sucrose solution. The top layer of the solution was then transferred into 

new 1.5 ml tubes, and washed with M9 three times. The RNeasy Mini Kit from Qiagen 

was used to perform the RNA isolation.  The QIAshredder spin column was used to 

homogenize the lysate. The RNA was eluted to a final volume of 30µl. The RNA isolated 

was to be used in a RT-PCR to test for egl-4 transcript levels in npr-14 and N2 worms 

(Primer set 2; Table 2). RNA was stored in the -80 ºC freezer. 

2.6 Synchronizing Worm Cultures 

        Synchronization of worms was based on the protocol obtained from the Chin-Sang 

lab. Plates with gravid adult worms were washed with 2 ml of M9 buffer (22 mM 

KH2PO4, 22 mM Na2HPO4, 8.6 mM NaCl, 18.7 mM NH4Cl). The worms were 

transferred into micro-centrifuge tubes and centrifuged at 6000g for 1 minute; the 

supernatant was aspirated. The pellet was  resuspended in 1 ml of M9 buffer for washing 

and centrifuged at 6000g for 1 minute. Subsequently, 1 ml of fresh bleach solution (1M 

NaOH, 10% bleach) was added to the pellet to cause the disintegration of adult worm 

bodies and the release of eggs. The tube was shaken or vortexed for 2 minutes to promote 

disintegration of adult bodies. The tube was centrifuged at 6000 g for 1 min; and the 

supernatant was discarded. Bleach solution (1 ml) was added to the pellet again. Once the 

adult carcasses have dissolved the tube was centrifuged and supernatant was aspirated. In 

order to prevent over-bleaching worms were washed with M9 within 10 minutes from the 

first application of bleach solution. The resulting worm eggs were washed six times with 

M9 solution and left in M9 solution overnight on a rotator at 20
°
C. After at least 13 hours 
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L1 worms were placed on seeded plates. Using this method, all worms used in the 

behavioural assays were the same age.  

2.7 Lifespan Assay 

 All strains used in the lifespan assay were synchronized to L4, and worms were 

placed on FUDR (5-fluorodeoxyuridine 0.1mg/mL) plates. FUDR, an inhibitor of DNA 

synthesis, was used to prevent the growth of progeny. The worms were incubated at 

20ºC. Animals were counted every 2-3 days, worms that crawled off the plate, or those 

that were found desiccated on the side of the plate were censored. GraphPad Prism was 

used to analyze the curve. A Kaplan-Meir survival analysis and a log-rank test were used 

to determine differences between the curves. Median lifespan was determined by the 

lifespan of 50% of the population for each strain. Maximum lifespan was calculated as 

the lifespan of the longest lived worm for that strain.  

2.8 Behavioural Assays 

2.8.1 Egg laying 

        In the egg-laying assay all strains used were synchronized, and individual L4 

animals were transferred to fresh E.coli OP50 plates. All strains were incubated at 20˚C. 

Every 24 hours, worms were transferred to fresh plates and their eggs were counted 

(Keating et al., 2003). N2 and npr-14 (tm2974), egl-4(ad450), egl-4(n479), npr-

14(tm2974);egl-4(ad450), npr-14(tm2974);egl-4(n479) and were assayed under the same 

conditions. The mean and SEM measured were calculated for the total eggs laid in 120 

hours for each strain.  The mean and SEM was also calculated for the number of eggs laid 
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every 24 hours by each strain. The statistical significance was tested by the unpaired 

Student’s t test. 

2.8.2 Feeding 

 Previous work has shown that npr-14(tm2974) had normal pharyngeal pumping 

rates (Torki, 2009). We tested feeding by using OP50-GFP, a strain of OP50 that 

expresses GFP from the plasmid pFVP25.1. Plasmid containing bacteria are fluorescent 

and ampicillin resistant. Adult worms were placed on fresh plates containing OP50-GFP 

and allowed to feed for two hours. The worms were anaesthetized after 2 hours, to ensure 

cessation of feeding and photographed using the Zeiss Axioplan 2 microscope with 

Axiocam and Axiovision software using a fixed exposure time to allow for accurate 

comparison.  

2.8.3 Fat measurement 

         Fat content relative to wild type worms was measured using Nile Red, which stains 

lipid droplets (Schroeder et al., 2007). Fifty microliters of  20 µg/ml Nile Red  was added 

to  fresh E. coli OP50 seeded plates and then kept overnight at room temperature. L4 

stage worms were then transferred to the plates and left for 72 hours. Adult worms were 

picked randomly and transferred to a fresh plate with OP50 and allowed to feed for 2 

hours to ensure pharyngeal Nile Red would not interfere with analysis. The worms were 

photographed using the Zeiss Axioplan 2 microscope with Axiocam and Axiovision 

software using a fixed exposure time to allow for accurate comparison.  
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2.8.4  Measurement of worm quiescence on E. coli OP50                                       

        For measurement of the amount of periodic quiescence in C. elegans, we followed 

the protocols based on analysis of the lethargus phenotype (Raizen et al., 2008). Adult 

worms (52 – 64 hours after L1 stage) were transferred to the NGM plates next to a small 

circle (~0.5 cm) of OP50 and video recorded for 9 hours with time-lapse software 

(HandyAvi version 3.2; Anderson’s AZcendant Software) and a 5-megapixel USB 

microscope camera (DCM500A; www.scopetek.com), The Nikon microscope used at 

objective magnifications ranging from 1.8 to 2.0 and 864 *600 pixel resolutions. Frames 

were captured every 10 seconds and the play-back rate was one image per 30 seconds.  

        After the worm finds food, it generally stays on the food. If a worm left the food and 

then returned to it in less than 20 minutes, the worm was counted as moving rather than 

showing a periodic immobilization. Animals that did not return to food for more than 20 

minutes were excluded. As a basis of comparison, a dead worm was recorded for 2 hours 

(720 images) and analysed by MATLAB and ImageJ software programs in order to 

establish the difference between the mobile and immobile plates. The MATLAB script 

was obtained from the Hart Lab, and modified slightly to optimize the use of plates, as 

opposed to the microfluidic chip used in the Hart lab (Singh et al. 2011 ). The difference 

between each pair of frames in grayscale for individual pixels was calculated on 

Microsoft Excel to make a standard of a not moving situation. The grayscale value for a 

dead worm is close to 128 (typically more than 119), so, if the live worm moved between 

two frames, the grayscale value is less than 119 and, if the grayscale value is more than 

119, the worm is considered immobile. 

http://www.scopetek.com/
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        For the statistical analysis the results were transferred to the Excel program and the 

mean of immobility in 9 hours and in each hour was calculated for individual worms. 

Significant difference was measured by the use of the unpaired Student’s t-test.  

2.8.5 Measurement of worm quiescence in liquid media (Thrashing behaviour)  

        To measure the quiescence of the animals in liquid, C. elegans adult animals were 

placed in 50 µl of M9 or M9 containing food. npr-14, egl-4 LF, egl-4 GF, npr-14;egl-4 

GF and npr-14;egl-4LF, unc-25, npr-14;unc-25, npr-14;osm-11, osm-11,  

npr-14;hsp::OSM-11, hsp::OSM-11 and wild-type animals were tested for thrashing 

during a 15 minute period. Heat shock induction was 33C for 75-90 min and recovery 

for 8 hours at 20C The statistical analysis of the results was done by the use of the 

unpaired Student’s t-test to compare the mean number of thrashes in 30 seconds for every 

minute. A mixing experiment was also performed with npr-14 and wild-type worms. The 

assays were recorded by the scope photo program using a 5-megapixel USB microscope 

camera (DCM500; www.scopetek.com).  

2.8.6 Measurement of octanol response 

 All strains were synchronized to adults or during L4-Adult lethargus. Lethargus 

was characterized as lack of feeding and movement. The blunt end of an eyebrow hair 

was dipped in 100% octanol and waved in front of a forward moving worm. We scored 

the amount of time it takes for a worm to perform a reversal away from the hair. eat-4 

was used as a control, it does not respond to octanol. After 20 seconds, a worm was 

scored as not responding, N2 worms perform spontaneous reversals every 20 seconds. 
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The presence of food and serotonin (5-HT) increase sensitivity to octanol, thus this assay 

was performed off food for the adult worms (Chao et al. 2004). Octanol response was 

recorded by the iPad video program, using a gooseneck mount and bottle caps to align the 

iPad to the microscope (Figure 2).  
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Figure 2: iPad video recording set-up with gooseneck stand.  
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2.8.7 Measurement of gentle body touch 

 All strains were synchronized to L4-Adult lethargus.  Lethargus was characterized 

as lack of feeding and movement. An eyebrow hair that is taped to the end of a stick was 

used.  The hair is sterilized by 70% ethanol which is allowed to dry. The hair is then 

stroked across the body of an animal, starting from just after the head, to right before the 

tail. This touch stimulates six mechanosensory neurons, ALMR, ALML, AVM, PVM, 

PVMR, and PVML. Animals are recorded by whether a response is elicited by the body 

touch.  
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Chapter 3 

Results 

3.1 Analyzing npr-14's role in sleep regulation   

3.1.1 npr-14 behaviour on food vs. off food  

 npr-14 was previously shown to have decreased roaming on food compared to off 

food (Torki, 2009). We investigated this behaviour by measuring quiescence in the 

presence and absence of food in both solid surface and liquid media. On NGM plates, the 

percent quiescence was measured over a 9 hour time period (Figure 3) . In comparison to 

wild type worms npr-14 mutants showed a significant increase in quiescence on (t-test, 

p<0.0001) and off food (t-test, p<0.05). The percentage of quiescent animals in the 

presence of food is significantly elevated relative to animals in the absence of food.  In 

liquid media, npr-14 on food and off food showed a significant decrease in thrashing 

relative to wild type animals(t-test, p<0.00001). However, no significant difference in 

body bends per minute were found when animals were thrashing in M9 plus OP50 

relative to being placed in M9 buffer alone (Figure 4).  
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Figure 3: An analysis of the percentage of time N2 and npr-14 animals spent in a 

quiescent state on food vs. off food over a 9 hour period. Fifteen worms were tested for 

each strain, however, only 7 npr-14 animals were analyzed off food because the others 

roamed off of the plate. Mean and SEM of percent quiescence for N2 is "6.33 ± 0.70" for 

npr-14 off food is "12.76 ± 5.57" for npr-14 on food  "37.45 ± 2.94". Compared to N2 * 

=p < 0.05, ****=p<0.0001. Compared to npr-14 on food *****=p<.0.00001. Error bars 

represent SEM 
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Figure 4: Mean body bends per minute over 15 minutes in M9. Thirty-five worms were 

tested for N2 and npr-14 without food. Fifteen worms were tested for npr-14 in M9 with 

OP50. Mean and SEM of   body bends per minute for N2 is "152.65 ± 7.02" for npr-14 

off food is "73.87 ± 8.06" for npr-14 on food  "67.27 ± 6.42". Compared to wild type 

worms *****=p<0.00001. Error bars represent SEM 
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3.1.2 Analysis of npr-14  and  its relationship with other known regulators of 

quiescence 

 Previous work in our lab showed that npr-14 exhibited defective roaming 

behaviour on food, a lack of pharyngeal pumping during quiescent bouts, and episodic 

swimming behaviour (Torki 2009). These data led us to believe that npr-14 may be a 

regulator of sleep. We filmed timelapse videos, taking one frame every ten seconds of 

adult worms or of worms undergoing L4-adult lethargus over 9-12 hours and measured 

the percent of time spent in a quiescent state. We used ImageJ and Matlab to analyze if a 

worm moved between each frame. Generally, most worms showed greater amounts of 

quiescence during their L4-A lethargic period compared to quiescence as adults(Figure 

5). npr-14 mutants showed a significant increase of quiescent behaviour in both L4 - A 

lethargus (t-test, p<0.00001)  and as an adult (t-test, p<0.00001) . egl-4LF worms do not 

show any enhanced  quiescence relative to N2. In the double mutant npr-14;egl-4LF , 

egl-4LF can return npr-14 quiescence to wild type levels in L4-A period but only 

partially rescues quiescence in adult npr-14;egl-4LF worms relative to N2 adult 

quiescence (t-test, p<0.00001) . During the L4-A period, a double-mutant containing npr-

14 and egl-4 GF showed no significant difference in quiescence from npr-14 or egl-4GF 

alone.  npr-14;egl-4GF showed significantly greater levels of quiescent behaviour 

compared to egl-4GF as adults (t-test,p<0.05).  npr-14, npr-14;egl4LF and npr-14;egl-

4GF show similar levels of quiescence during the period of lethargus and as awake 

adults. npr-14;egl-4GF showed significantly greater levels of quiescent behaviour 
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compared to egl-4GF as adults (t-test,p<0.05), but had  similar durations of quiescence 

during lethargus. N2 worms have highly regulated and specific frequency of quiescence 

during lethargic periods. Compared to N2, npr-14 worms show very different frequency 

of quiescence during L4-A lethargus (Figure 6).  
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Figure 5: Mean percent quiescence in N2, npr-14, egl-4 LF, egl-4 GF, npr-14;egl-4LF, 

npr-14;egl-4GF worms during L4-A lethargus and as adults. 15 worms were tested for 

each strain and treatment. npr-14 has increased quiescence  during lethargus and as an 

adult. npr-14 and the double mutants show similar levels inside and outside of lethargus. 

Compared to wild type worms *****=p<0.00001. Compared to egl-4GF adults 

*=p<0.05.  Compared to egl-4 LF adults ****=p<0.0001. Error bars represent SEM. 

 

 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0.3 

0.35 

0.4 

0.45 

P
e

rc
e

n
t 

Q
u

ie
sc

e
n

ce
 

Strain 

Lethargus 

Awake 

* 
***** 

***** 
***** 



 

38 

 

 

 

Figure 6: Representative fractional quiescence of a npr-14 mutant vs. N2 worm during 

L4-A lethargus. Each data point represents fraction of quiescence over a 10 minute time 

frame. The 2 hour L4-A lethargus period is defined by peak quiescence, however the 

onset of lethargus is gradual, worm activity is less before and after the period of lethargus 

(Raizen et al. 2008). In N2 worms lethargus occured between 3-5 hours, in npr-14 

mutants this distinction is more difficult to pinpoint, but it appears to occur just before 3 

hours.   
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 C. elegans is known to display quiescent behaviour in liquid media. During 

quiescence in liquid, body wall muscles are uniformly contracted. npr-14 showed a 

significant decrease in body bends per minute compared to wild type (t-test, p< 0.001) 

(Figure 7) . EGL-4 is known to promote quiescence. In our experiments, this was 

confirmed as egl-4LF showed quiescence levels in liquid media that were not 

significantly different from wild type. Conversely, the thrashing rate of egl-4GF was 

significantly decreased relative to wild type animals. The double-mutant containing  npr-

14;egl-4LF showed no significant difference in thrashing rate compared to egl-4LF. 

Similarly, npr-14;egl-4GF showed no significant difference from egl-4GF. 

Overexpression of the notch receptor ligand OSM-11 is known to induce anachronistic 

sleep-like quiescence. A mutant osm-11  maintained a thrashing rate that was not 

significantly different from N2. In contrast , a transgenic animal containing osm-11 under 

control of a heat shock promoter showed a significant reduction in thrashing rate in 

comparison to N2 whether or not a heat stress was applied. The heatshock promoter used 

in this worm was found to be leaky, and showed the same quiescence without heatshock 

(Singh et al. 2011). Creating the double-mutant with npr-14;hsp::OSM-11  showed a 

thrashing rate comparable to animals that contained single gene alterations. The double-

mutant npr-14; osm-11 showed a significant decrease relative to osm-11, however, this 

result cannot be interpreted as the sample size is small. GABA deficient mutants as 
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defined by unc-25 are known to result in increased quiescence. A small but significant 

decrease was found when the thrashing rate of unc-25 was compared to N2. In a double-

mutant, npr-14; unc-25 a small but significant decrease was found when compared to 

unc-25 alone but a significant increase in thrashing rate was observed when compared to 

npr-14 .When npr-14 worms were observed visually in liquid media it became clear that 

they would thrash then appear to become immobile for a period and then start thrashing 

again. To quantitate this observation we compared the thrashing rate of N2 and npr-14  

worms every minute throughout  a 15 minute period, npr-14 mutants exhibit episodic 

swimming behaviour (Figure 8).  
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Figure 7: Mean number of body bends per minute over 15 minutes. 35 worms were tested 

for N2, npr-14, egl-4LF, egl-4GF, osm-11. Twenty worms were tested for HS hsp:OSM-

11, unc-25,  and hsp::OSM-11. Fifteen worms were tested for npr-14;egl-4LF. 13 worms 

for HS npr-14;hsp::OSM-11. 10 worms were tested for npr-14; egl-4GF .  5 worms were 

tested for npr-14;osm11.  Compared to npr-14 ***=p< 0.001. Compared to N2 

***=p<0.001. Compared to unc-25 **p=<0.01. Error bars represent SEM.  
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Figure 8: Representative graph of a single N2 worm and npr-14 mutant thrashing 

behaviour analyzed over a 15 minute time period. N2 worms thrash at a relatively 

constant rate, while npr-14 mutants exhibit episodic swimming behaviour. While 

thrashing npr-14 rates are comparable to N2 worms, however they do not maintain 

continuous thrashing behaviour, and instead enter quiescence in liquid media.   
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 The sleep-like state in C. elegans is characterized by reduced responsiveness to 

chemosensation and mechanostimulation (Raizen et al. 2008). Most genes associated 

with lethargus/quiescence have been shown to have roles in sensory gating. To address 

whether npr-14 may also have altered sensory cues we tested the animals response to 

octanol and gentle body touch. N2 worms normally will avoid octanol as a chemical cue. 

The vesicular glutamate transporter, eat-4, was used as a control for octanol response as a 

non-responder. Worms that do not respond to octanol presence after 20 seconds are 

considered non-responders. Single mutants npr-14(t-test, p<0.0001), egl-4 LF (t-test, 

p<0.00001) and osm-11 (t-test p<0.00001) all showed significantly less responsiveness to 

the presence of octanol. osm-11 was most dramatic showing a level of non-response that 

was similar to the eat-4 control, but still significantly different (t-test, p<0.00001).  egl-

4GF and overexpressed OSM-11 (hsp::OSM-11) had the same level of octanol avoidance 

as N2. When double mutants were made with npr-14  no significant differences in 

octanol response were found with egl-4 LF, egl-4 GF, hsp::OSM-11 relative to their 

single gene mutant counterparts. Strikingly, npr-14 rescued the decreased octanol 

response of osm-11 in a npr-14;osm-11(t-test, p<0.00001)   forward moving worm 

(Figure 9).    

 In a comparative study, response to octanol differs when a worm is undergoing 

L4-A lethargus in comparison to an awake adult hermaphrodite (Figure 10). Strains npr-

14(t-test, p<0.01), egl-4GF (t-test, p<0.001),  osm-11(t-test, p<0.001), and hsp::OSM-11 

(t-test, p<0.01),   showed a significant increase in time to respond to octanol during 
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lethargus compared to wild type worms. In contrast,  egl-4LF has a significantly shorter 

response time compared to N2 worms (t-test, p<0.05). An eyebrow hair was used to 

test whether worms would respond to a gentle body touch during lethargus. In response 

to touch, npr-14 (40%) and egl-4GF (36.36%) worms appeared to be less sensitive to 

body touch during lethargus as  compared to wildtype (Figure 11). egl-4LF and osm-11 

were very sensitive to mechanostimulation during lethargus, with 63.63% and 69.23% 

that responded, respectively. There was no significant difference between any of the 

mutants and N2 worms, though this is probably due to the small sample size.  
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Figure 9:  Time to respond to octanol in a forward moving adult hermaphrodite. npr-

14;osm-11 responds significantly faster than osm-11 *****=p<0.00001. egl-4LF and npr-

14;egl-4LF respond to octanol in a similar fashion. egl-4GF and npr-14;egl-4GF also 

take the same amount of time to respond to octanol. npr-14 has a significantly longer 

response time than wildtype worms. Compared to N2 ****=p<0.0001. *****=p<0.00001 

Error bars represent SEM. 
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Figure 10: Time to respond to octanol during L4-adult lethargus  (blue bars) or for an 

awake adult hermaphrodite.  Twenty worms were tested for the awake adult 

hermaphrodites. Eight worms were tested for N2 and npr-14 worms during L4-A 

lethargus.  Five worms were tested for egl-4GF, osm-11, hsp::OSM-11.  Error bars 

represent SEM. Compared to N2 ***=p<0.001 **=p<0.01 *=p<0.05 ****=p<0.0001 
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Figure 11: Percent of animals that respond to gentle body touch during lethargus. N2 

N=23, npr-14, N=10, egl-4LFN=11, egl-4GF n=11, osm-11 n=13, hsp::OSM-11 n=11  

Error bars represent SEM.  
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3.2 Analyzing sleep and lifespan  

 When synchronizing worms for behavioural assays, we had difficulty in 

synchronizing npr-14 mutants. Genes that are involved in sleep appear to cause 

asynchronicity during worm development. Eggs were isolated and hatched in M9 to 

synchronize development.  Worms at L1 arrest were placed on seeded plates and checked 

for the characteristic L4 pre-vulva after 46 hours on food. By this time, N2 worms are 

mid-late L4, however  all of the worms that have mutations in their genes that are 

involved in sleep appear to be asynchronous, they were at mixed life stages (Figure 12). 

This led us to believe that these mutations may also have an effect on lifespan.  

 A lifespan assay was performed using FUDR Amp NGM plates. npr-14 mutants 

had a similar lifespan to N2 worms, and a slightly lower median and maximum lifespan 

(Table 1).  npr-14;egl-4LF had a significantly longer lifespan compared to N2 

worms(Log-rank, X
2
= 16.51  df=1 p<0.0001), however neither npr-14 nor egl-4LF single 

mutants had a lifespan longer than that of N2 worms (Figure 13). egl-4 LF mutants had 

the propensity to crawl off the plate, this strain had the most worms that were censored in 

the study. There was no difference between the lifespan curve of npr-14 mutants and npr-

14;egl-4GF mutants (Figure 14). There was no difference between the lifespan curve of 

daf-18 mutants and npr-14;daf-18 mutants (Figure 15).   
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Figure 12: Percent of worms at mid-Late L4 after 46 hours post L1 arrest. N2=96.30 

n=54, npr-14=34.04 n=47, egl-4LF=35.29 n=34, egl-4GF=64.71 n=34, osm-11=29.17 

n=24, hsp::OSM-11=47.83 n=23.  
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Figure 13. Survival curve for npr-14, egl-4LF, npr-14;egl-4LF. Error bars represent 

SEM.  
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Figure 14. Survival curve for npr-14, egl-4GF, npr-14;egl-4GF. Error bars represent 

SEM. 
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Figure 15. Survival curve for npr-14, daf-18, npr-14;daf-18. Error bars represent SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Median and absolute maximum survival of worms in lifespan assay. 
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Median Survival Max survival  

N2 16 20 

npr-14 15 19 

egl-4 LF 9 22 

egl-4 GF 13 20 

npr-14;egl-4LF 18 25 

npr-14;egl-4GF 14 19 

daf-18 12 14 

npr-14;daf-18 11 14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 npr-14 mutants have egg-laying defects 
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 Because npr-14, egl-4LF, and egl-4GF  had egg-laying defects, we tested their 

relationship by measuring the number of eggs laid by double mutants. All of the mutants 

tested had fewer eggs laid than N2 worms (Figure 16). npr-14 laid significantly fewer 

eggs than wild type worms (t-test,p<0.00001). egl-4GF (t-test, p<0.001) and 

 npr-14;egl-4GF (t-test, p<0.001) laid significantly fewer eggs than npr-14 mutants. 

Overall eggs laid decreased over time, however peak egg-laying times differed (Figure 

17). npr-14 was observed to lay a large amount of dead eggs and has a severe egg-laying 

retention phenotype. Dead eggs were not included in the egg-laying counts. Mutants that 

contained egl-4LF tended to roam off the plate, like in the lifespan assay many worms 

with this mutation were censored from the study 
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Figure 16: Mean number of eggs layed every 24 hours for120 hours. Single worms were 

put in separate plates and were transferred to new plates every 24 hours . There was a 

significant difference in the number of the eggs between the N2 and all of the single and 

double mutants of npr-14, egl-4 LF and egl-4 GF. N2 N=11, npr-14 N=10, egl-4 LF 

N=9, egl-4 GF N=9, npr-14;egl-4LF N=14, npr-14;egl-4GF N=16. Compared to N2 

******=p<0.00001.  Compared to npr-14**=p< 0.001 
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Figure 17: Mean number of eggs layed every 24 hours in 5 days. Overall eggs layed 

decreased over time, however peak egg-laying times differed. N2 N=11, npr-14 N=10, 

egl-4 LF N=9, egl-4 GF N=9, npr-14;egl-4LF N=14, npr-14;egl-4GF N=16. 

 

 

 

 

 

  

 

 

 

 

0 

10 

20 

30 

40 

50 

60 

70 

1 2 3 4 5 

M
e

an
 n

u
m

b
e

r 
o

f 
e

gg
s 

la
id

 

 Day 

N2 

npr-14 

npr-14;egl-4GF 

npr-14;egl-4LF 

egl-4 LF 

egl-4 GF 



 

57 

 

3.4 npr-14 and its potential ligands 

 To identify the C. elegans neuropeptide that interacts with GPCR NPR-14 we 

cloned npr-14 DNA into the mammalian expression vector pcDNA 3.1 (+),  The 

sequence in shown in Appendix A. The recombinant plasmid was sent to Dr. Isabel Beets 

of  KU Leuven. Dr. Beets transformed the recombinant plasmid into Chinese hamster 

ovary cells and tested the interaction of the expressed receptor with 165 neuropeptides 

(representatives of each neuropeptide family in C. elegans using a luminescent assay 

(Bendena et al., 2012) . No ligand-receptor response above background was found with 

CHO cells that were incubated at 37C.  

3.5 npr-14 and its role in feeding and metabolism 

 Previous work in our lab showed that npr-14  had increased fat accumulation 

compared to N2 worms.  To test whether other known sleep mutants, such as egl-4LF, 

egl-4GF,  osm-11, hsp::OSM-11, npr-14;egl-4LF and npr-14;egl-4GF also had 

alterations in fat accumulation, we stained the worms with Nile Red. npr-14, egl-4GF,  

hsp::OSM-11, and npr-14;egl-4GF  showed increased fat accumulation, while npr-

14;egl-4LF, osm-11, and egl-4LF did not accumulate as much fat as N2 worms (Figure 

18, 19,20,21).  

 We also tested feeding behaviour. OP50 GFP was used to measure the amount of 

food consumed by a worm in a span of 2 hours. npr-14 worms appear to consume less 

food than wild type worms (Figure 22,23). 
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Figure 18: Nile red fat staining showing fat accumulation in N2 and npr-14. In this 

experiment 8 worms before L4 stage were put in Nile red OP50 plates and the photos 

were taken after 72 hours. 
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Figure 19: Nile red fat staining showing fat accumulation in egl-4 GF and npr-14;egl-

4GF. In this experiment 8 worms before L4 stage were put in Nile red OP50 plates and 

the photos were taken after 72 hours. 
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Figure 20: Nile red fat staining showing fat accumulation in egl-4 LF and npr-14;egl-4LF 

worms. In this experiment 8 worms for egl-4LF and 12 worms for npr-14;egl-4LF were 

taken  before L4 stage  and were put in Nile red OP50 plates and the photos have taken 

after 72 hours. 
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Figure 21: Nile red fat staining showing fat accumulation in hsp::OSM-11 and osm-11. In 

this experiment 8 worms before L4 stage were put in Nile red OP50 plates and the photos 

have taken after 72 hour 

 

 

 

hsp::OSM-11 

osm-11 



 

62 

 

  

 

Figure 22. N2 adult hermaphrodites after two hours of feeding on OP50-GFP. Fifteen 

worms were tested in this experiment.  
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Figure 23. npr-14 adult hermaphrodites after two hours of feeding on OP50-GFP. Fifteen 

worms were tested in this experiment. 
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Chapter 4 

Discussion 

 NPR-14 is similar in sequence and structure to the human OX2R with a BLAST 

evalue of 1.2e-35 at 81% length. In mammals, orexin is involved with regulating the 

sleep-wake cycle and metabolism. Some of the functions in the orexin receptor appear to 

be conserved. The loss of orexin signalling in mammals leads to several defects including 

behavioral arrests, premature entry into REM sleep, narcolepsy, and obesity.  Using 

systematic video analysis, we found that a null mutation in npr-14 leads to behavioural 

quiescence outside of the lethargus seen before moults, especially while on food. It also 

has egg-laying, roaming and swimming defects. We characterized npr-14's relationship 

with previously known regulators of lethargus, including cGMP-dependent protein 

kinase, egl-4 and notch co-ligand, osm-11, and found that they may regulate sleep in the 

same signalling pathway. These results will contribute to the understanding the genetic 

regulation of sleep and may provide insight to the study and treatment of sleep disorders.  

 This thesis outlines the phenotypes of npr-14 mutants and the genetic relationship 

of npr-14 with other known regulators of sleep.  
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4.1 npr-14 is involved in local search behaviour and feeding 

 C. elegans take cues from the environment to regulate roaming and feeding 

behaviour. On solid media, worms switch between two forms of locomotion: dwelling 

which is movement with frequent stops and reversals and roaming which is characterized 

by straight rapid movement. C. elegans can also go into a sleep-like state, wherein the 

worm ceases movement and feeding. We measured quiescence on solid and liquid media 

in the presence and absence of food. On solid media, npr-14 shows roaming defects on 

food and off food. The roaming defect is significantly more severe in the presence of 

food. On food, worms will remain in the same general area, and will not move far away 

from their point of origin. Worms with defects in their sensory neurons exhibit abnormal 

roaming behaviour (Shtonda and Avery 2006; Fujiwara et al. 2002). Food emits multiple 

sensory signals, deficiencies in detecting certain chemicals may lead to the compensation 

of other sensory signals (Shtonda and Avery 2006). npr-14 is expressed in sensory 

neurons and npr-14 mutants showed defects in octanol avoidance, thus may also have 

defects in detecting other chemosensory stimuli. In addition to sensory abnormalities, 

npr-14 mutants have a feeding defect. In comparison to N2 worms, npr-14 worms eat less 

over a 2 hour time frame as measured by the amount of OP50-GFP consumed. 

Interestingly, worms that are satiated enter a quiescent state, which may explain npr-14 

mutants' behaviour on food. It is possible that the presence of food causes a signal 

transduction pathway that involves NPR-14 to initiate the sequence of satiety, the 
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cessation of feeding and consequent lack of movement that is independent of the worms 

feeding status.      

 In liquid media, the presence of food has no effect on movement. Swimming and 

crawling are two distinct behaviours. Swimming requires sensory stimuli, while crawling 

does not (Pierce-Shimomura et al. 2008). The signals for swimming may override the 

signals that food emits. Worms with food in liquid media tend to be slightly more 

quiescent, which suggests that energy expenditure may not be the main cause of 

quiescence in liquid media.   

4.2 npr-14 is involved in quiescence in egl-4 dependent and independent manners  

 Wildtype C. elegans mainly exhibit quiescence during their larval stage 

transitions. We tested the duration quiescence of adults and animals that were undergoing 

the L4-A moult on food, by systematic video analysis. Single animals were observed over 

a 9 hour time frame, a computer program analyzed if an animal moved in between 

frames. npr-14 mutants have increased quiescence as adults and during the L4-A moult.  

 We found that egl-4 LF can rescue the quiescent phenotype of npr-14 in the                 

npr-14;egl-4 LF double mutant during lethargus. This is consistent with results from 

Raizen et al. (2008) and Singh et al. (2011) that show egl-4 is required for developmental 

quiescence. Van Buskirk and Sternberg (2007) have also shown that egl-4 LF can rescue 

the lack of movement but not the lack of feeding in worms that have increased EGFR 

signalling via hsp::lin-3. As adults, npr-14;egl-4 LF double mutants still exhibit 

anachronistic quiescence, but their roaming behaviour is more similar to that of egl-4 
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single mutants. npr-14;egl-4 GF had significantly longer periods of quiescence than egl-4 

GF as adults, but was not significantly different with npr-14. During adulthood, npr-

14;egl-4 GF double mutants exhibit a quiescent phenotype that is more similar to npr-14 

than egl-4 GF single mutants. npr-14 may work with other regulators of sleep that are 

independent of egl-4. It is possible that NPR-14 plays a more crucial role in regulating 

sleep outside of lethargus, by promoting wakefulness since worms are primarily active as 

adults. npr-14 may also act through TGF  signalling since it has roles in quiescence that 

are independent of PKG.  

 We also observed that during lethargus, npr-14 mutants still enter a quiescent 

state at times that are not expected. During lethargus C. elegans alternate between bouts 

of movement and quiescence. The duration of quiescent bouts depends on the duration of 

bouts of movement, this local homeostasis is dependent on cAMP (Iwanir et al. 2013). 

npr-14 mutants appear to be deficient in regulating this homeostasis during lethargus, as 

the quiescent peaks do not match that of N2 worms. npr-14 mutants have shorter bouts of 

movement, and longer durations of quiescence.  

4.3 npr-14 mutants show episodic swimming behaviour  

 npr-14 thrashes at a significantly lower rate than wildtype worms. However, the 

lower rates were primarily due to the npr-14 mutant's propensity to stop thrashing for 

short durations of time. A mixing experiment with a single npr-14;mIs11 mutant and an 

N2 worm was performed to observe episodic immobility. We found that npr-14 would 

cycle into bouts of movement and bouts of quiescence, during bouts of movement the 
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thrashing rate is almost comparable to N2 worms. This result is in agreement with 

previous work on the locomotory rate of npr-14 mutants as they do not have movement 

defects on NGM plates (Torki 2009).  This episodic swimming behaviour was rescued in 

a previous thrashing assay by npr-14;quEx239 (pnpr-14::npr-14 genomic DNA::gfp) 

(Torki 2009).  We wanted to test the role of PKG, GABA and Notch signalling in the 

regulation of anachronistic quiescence in liquid media. A loss of function in egl-4, a PKG 

that is a known regulator of sleep, can partially rescue this behaviour. There were some 

npr-14;egl-4LF worms that would still show bouts of no movement. These bouts were 

much shorter and rarely occured in the double mutant. A gain-of-function mutation in 

egl-4 causes the worm to behave similarly to npr-14 with regards to episodic swimming 

behaviour, however these bouts were not as severe. A loss of osm-11 was unable to 

rescue npr-14's swimming behaviour in the npr-14;osm-11 double mutant,  this would 

suggest that osm-11 is upstream of npr-14 in the regulation of swimming behaviour. unc-

25 mutants have slower thrashing rates than N2 worms, and npr-14;unc-25 double 

mutants have a thrashing rate that is significantly different that of unc-25 and  npr-14. 

npr-14;unc-25 double mutants appear to have a thrashing rate that is greater than npr-14 

but less than unc-25 which suggests that they may work in parallel pathways. Ghosh and 

Emmons (2008) proposed that egl-4 acts in both the sensory neurons and GABAergic 

signalling to regulate thrashing behaviour. npr-14 is expressed in both sensory neurons 

and GABAergic neurons, thus  npr-14 may act through the sensory neurons via egl-4 and 

GABA signalling as well (Figure 24).    
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 One pitfall of the liquid assay is that one cannot use this method to test for 

quiescence during lethargus. A worm that is placed in liquid media during lethargus is 

induced to swim, and thus deprives them of sleep. Eventually, a worm will continue on to 

lethargus. Worms that are raised in liquid media have a significantly lower lifespan than 

worms that are cultured in NGM plates. Different sensory signals are required to maintain 

swimming.      
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Figure 24. Modified model for action for egl-4 and GABA with the addition of npr-14`s 

role in the regulation of swimming behaviour (Ghosh and Emmons 2010). The arrow 

indicates possible activation of genetic activity, while bars represent inhibition. Octanol 

avoidance assays and npr-14 transcript localiztation suggest that NPR-14 has a role in the 

sensory neurons in the regulation of sleep. npr-14 signalling may also have a role in 

GABAergic neurons, however thrashing experiments suggest that npr-14 may also work 

in a parallel pathway. npr-14's sensory role appears to contribute more to sleep regulation 

compared to its role in GABAergic neuron activity. npr-14's relationship with GABA 

may be more important in regulating egg-laying than sleep.  Genetic epistatic 

experiments suggest that npr-14 acts through egl-4 in an inhibitory manner.  
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4.4 npr-14 is involved in sensory gating 

 The sleep-like state in C. elegans is characterized by reduced responsiveness to 

chemosensation and mechanostimulation (Raizen et al. 2008). Sensory gating plays an 

important role in the maintenance of lethargus. Animals that have sensory defects that 

make them sensitive to stimuli also tend to have poorer quality of sleep and they sleep for 

shorter durations of time (Raizen et al. 2008; Singh et al 2011). In contrast, worms that 

are less sensitive to stimulants appear to have longer and deeper sleep-like behaviour. We 

measured octanol response in forward moving adult worms off of food. npr-14 can rescue 

the decreased octanol response of osm-11 in a npr-14;osm-11  forward moving worm.  In 

agreement with the data obtained from the thrashing assays, it appears as though Notch 

signalling is upstream of NPR-14 in the regulation of octanol response in forward moving 

adults. 

  We did a comparative assay, wherein we measured octanol response in worms 

during their L4-A moult.  npr-14,  egl-4 GF and hsp::osm-11 show a significant increase 

in octanol response times during lethargus compared to awake adult worms. osm-11 and 

egl-4LF showed response behaviours that were similar to worms that are awake.  Singh et 

al. (2011) attributes this to the poor quality of lethargus that egl-4 LF and osm-11 mutants 

have, their lethargic moults are also shorter in duration. This was supported by their 

increased response to mechanostimulation during lethargus. Mutants that show increased 

anachronistic quiescence are less sensitive to chemosensory and mechanosensory 

stimulation.  
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4.5 npr-14 has egg-laying defects 

 Previous work in our lab has shown that npr-14 has severe gonadal defects (Torki 

2009). Orexin receptors have a role in reproduction in mammals. npr-14 mutants have a 

lower overall brood size, these mutants had severe egg-laying retention and laid many 

dead eggs. npr-14;egl-4 GF and egl-4 GF  laid a similar number of eggs,  both mutants 

laid fewer eggs than npr-14 single mutants. This further implies that egl-4 is in the same 

pathway as npr-14 according to genetic epistatic experiments. npr-14 is expressed in the 

VC motor neurons, which are implicated in controlling egg-laying (Torki 2009).   

 Severe  egg-laying retention is also seen in mutants with increased NLP-22 

signalling (Nelson et al. 2013). When overexpressed, NLP-22 leads to anachronistic 

quiescence outside of lethargus, a similar phenotype to npr-14 mutants. nlp-22 is 

expressed solely in a pair of RIA ring interneurons (Nelson et al. 2013). There are 

currently no known synapses from the RIA to sensory neurons, it may be unlikely that 

NLP-22 directly binds to NPR-14. Though it is important to note that not all 

neuropeptides require asynapse, they can act at a distance. The ligand for NPR-14 

remains unknown, until mammalian expression experiments have been completed.  

 Like many behaviours, egg-laying is also dependent on environmental cues, 

specifically the presence or absence of food. Adult worms cycle between periods of 

active egg laying, and inactivity. Worms that are not exposed to an abundance of food 

tend to extend the periods of inactive egg-laying, this is modulated by the peptide FLP-21 

(Waggoner et al. 2000).  
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4.6 npr-14 and other known regulators of sleep play a role in fat metabolism and 

lifespan 

  npr-14 mutants showed increased fat accumulation despite feeding less than N2 

worms. Mammals lacking orexin signalling also exhibit a similar phenotype of decreased 

feeding and increased fat accumulation (Hara, J. et al. 2001). Interestingly, mutants that 

show increased anachronistic quiescence gain more fat. Mutants that show decreased 

quiescence have less fat than wildtype worms. This behaviour is opposite of the 

mammalian model, as sleep deprivation is usually the cause of fat accumulation.  Like 

sleep regulation during lethargus, it appears that egl-4 is downstream of npr-14 with 

regards to the accumulation of fat. npr-14;egl-4 LF worms have less fat than npr-14 

single mutants, but slightly more fat than egl-4 LF mutants.  Fat accumulation may be 

due to decreased activity levels and low energy expenditure. Animals that are sleeping 

more often may gain fat because they are less active.  

 Mutations that resulted in deficiencies in sleep regulation often caused 

asynchronicity. Approximately two days after L1 arrest, wildtype worms are mid-late L4, 

however npr-14, egl-4 LF, egl-4 GF, osm-11, and hsp::OSM-11 were at mixed life stages. 

This phenotype, together with the previously mentioned phenotypes led us to believe that 

these mutations could affect lifespan. npr-14 alone does not have a significant effect on 

lifespan, however npr-14;egl4 LF had a longer lifespan than both of its corresponding 

single mutants. egl-4 LF had a lower median lifespan due to the number of worms that 
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were censored in the study. egl-4 LF mutants tended to crawl off the plate or crawl up the 

sides and become desiccated, this may have been the reason for its high maximum 

lifespan but low median lifespan. npr-14;daf-18 and npr-14;egl-4 GF behaved as 

predicted with regards to lifespan.  
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4.7 Conclusion 

 Much like the orexin receptor in mammals, NPR-14 is involved in a number of 

behaviours. npr-14 mutants have increased fat accumulation, abnormalities in quiescence 

in both solid and liquid media, sensory defects, egg-laying defects and a slightly shorter 

lifespan. We have shown that npr-14 regulates quiescence in both solid and liquid media. 

This quiescence is more severe in the presence of food. In agreement with previous 

studies, egl-4 which encodes a PKG is required for proper regulation of lethargus, the 

sleep-like developmental state in C. elegans. PKG acts with NPR-14, and  OSM-11 to 

regulate quiescence (Figure 25).  Outside of lethargus NPR-14 promotes wakefulness in 

PKG independent manner. egl-4 is also involved in foraging behaviour, fat accumulation, 

egg-laying, detecting sensory cues, swimming behaviour and lifespan. These behaviours 

are highly linked, for example lack of feeding leads to decreased egg-laying. Notch 

signalling plays an important role in sensory gating. OSM-11 acts through the canonical 

notch receptors, to promote quiescence. We have shown that Notch signalling is upstream 

of npr-14 through swimming, and chemosensory assays.  
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Figure 25. Proposed model of quiescence with npr-14 and other previously described 

regulators of sleep. LIN-42 (PER) controls C. elegans developmental timing and 

progression, mRNA levels increase just before the beginning of lethargus (Monsalve, Van 

Buskirk and Frand 2011). Overexpression of EGF (red) and Notch signalling (green) 

leads to anachronistic quiescence in an EGL-4-dependent manner (Van Buskirk and 

Sternberg 2007; Singh et al. 2011). OSM-11 is a notch co-ligand that is secreted from the 

seam cells and acts non-cell autonomously to regulate sleep in the sensory neurons 

(Singh et al. 2011). However, a loss of function in egl-4 only partially rescues quiescence 

in a lin-3 (OE) worm, suggesting that EGF signalling may have some roles that are 

independent of PKG, TGF- β and insulin signalling (purple) are involved in the 
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regulation of quiescence that is a result of satiation on food, Neuropeptide signalling 

(orange) is involved in TGF-β and EGFR signalling, however the exact mechanisms 

remain unknown, suggesting a potential role for npr-14 in these pathways (Van Buskirk 

and Sternberg 2007; You et al. 2008;Singh et al. 2011) A loss of function in npr-14 (navy 

blue) leads to increased quiescence.Like EGF signalling, NPR-14 appears to have both 

EGL-4 dependent and independent roles in the regulation of lethargus. Our experiments 

suggest that npr-14 may be downstream of Notch signalling and upstream of egl-4 PKG 

in the regulation of lethargus.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

78 

 

4.8 Future Work 

 Perhaps the loss of npr-14 signals for increased satiety, hence the increased 

quiescent behaviour seen in npr-14 mutants on food and decreased feeding compared to 

N2 worms. We can test this by looking at known regulators of satiety quiescence 

including the TGF-β and insulin signalling pathways. The lifespan assay suggests that 

insulin signalling is downstream of NPR-14. Because npr-14 mutants appear to exhibit 

anacrhonistic quiescence during adulthood that is independent on PKG, there may be 

other regulators of sleep that have not been characterized. EGF signalling also has roles 

in sleep that are independent from PKG, because a loss of function of egl-4 cannot fully 

rescue the feeding phenotype from the overexpression of lin-3 (Van Buskirk and 

Sternberg 2007). Perhaps testing the relationship between npr-14 and EGF signalling 

may provide another part of the signalling pathway of sleep.  Both EGF signalling and 

satiety quiescence have been shown to have peptidergic regulation (Van Buskirk and 

Sternberg 2007; You et al. 2008). The overexpression of nlp-22 results in phenotypes that 

are similar to an npr-14 null mutant, namely increased anachronistic quiescence, and egg-

laying defects ( Nelson et al. 2013).  

 It would be beneficial to look at the sensory defects in double mutants, npr-

14;egl-4 LF, npr-14;egl-4 GF, npr-14;osm-11 and npr-14;hsp::osm-11 during lethargus. 

Further research into the mechanism of fat accumulation despite decreased consumption 

of food would give more insight on how fat is stored. We can also test if npr-14 is 

expressed in a cyclical manner like lin-42 and its downstream effectors. NPR-14 remains 
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an orphan receptor, mammalian expression experiments are currently underway to 

provide more insight on its ligands.  
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