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Abstract

In C. elegans, during exploratory behavior the switch from local to global search for

food is an important for survival and being mediated by the neuropeptides. Previous

studies have shown that the FLP-18 neuropeptide is regulating the reversal frequency

in global search behavior through NPR-4, one of its G protein coupled receptor . Here

we are looking for receptors of FLP-18 and other probable neuropeptides that play

role in neuromodulation of exploratory behavior. In our studies, we found FLP-1 and

FLP-21 neuropeptides along with FLP-18 regulates reversal frequency during both

local and global search of exploratory behavior. Furthermore, FLP-18 also functions

through NPR-1 receptor along with NPR-4 receptor. The implication of these studies

is that information flow through C. elegans circuits depends on neuromodulatory

states.
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Chapter 1

Introduction

1.1 C. elegans as a model organism

Caenorhabditis elegans is a non-parasitic soil nematode, about 1mm in length and

transparent and has been used widely in research laboratories. It has a short life

cycle of about three days and lifespan of two to three weeks. C. elegans has two

sexes that are hermaphrodites and males. Hermaphrodites can self-fertilize or mate

with males. Wild-type worms have 959 cells, and the number and position of cells

are constant. It is easy to track cells and follow cell lineages during the development

from embryo to adult hermaphrodites.

Figure 1.1: The Caenorhabditis elegans connectome (Bargmann Marder 2013).
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C. elegans has a small nervous system consist of 302 neurons, whose neurons

position and the connection between all neurons are known (see figure 1.1). C. elegans

is an attractive system to study the neural and genetic basis of behavior. C. elegans

exhibits a plethora of complex behaviors, all of which involve basic locomotion. During

locomotion, worms initiate the backward movement to change direction spontaneously

or in response to sensory cues. However, the neuromodulation underlying neural

circuits responsible for complex behavior are not well defined.

1.2 Neuropeptides and its function

Neuropeptides are small peptides released by the neurons that function directly or

indirectly to modulate synaptic activity. The number of neuropeptides predicted in

C. elegans is over hundred. These neuropeptides are derived from large neuropeptide

precursor molecule which undergo posttranslational modification to produce mature

neuropeptide. In endoplasmic reticulum, the processing of neuropeptide precursor

molecules is initiated by removal of the signal peptide, and further processing contin-

ues in the Golgi complex (Strand, 1999). From Golgi complex, the processed interme-

diate neuropeptide packed inside the dense core vesicle. Inside the dense core vesicle,

the intermediated neuropeptide processed into fully mature neuropeptide and next

these dense core vesicle containing neuropeptides transported to the nerve terminal

(Strand, 1999).

Neuropeptides act by binding to its receptor that is seven transmembrane domain

G protein-coupled receptor (GPCR). These receptors are more than hundred and

found heterogeneously throughout the nervous system of C. elegans. Some of peptides

activate multiple receptors expressed by target neurons and also one receptor may have

multiple neuropeptide ligands. There are three main families of neuropeptides present

in the C. elegans which are Insulin like peptides, FMRF related peptides (FLP) and

Neuropeptide like peptides (NLP). Insulin like peptides play important role decision

to enter dauer state in absence of food (Thacker and Rose 2000). FMRF related

peptides is known to effect locomotion (Cohen et al. 2009), egglaying (Waggoner et

al. 2000). The Neuropeptide like peptide is known to have anti-microbial functions

(Couillault et al. 2004) and modulating acetylcholine signaling.
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1.3 Neural circuits in C. elegans

Neural circuits generate behaviour. Locomotion, in particular, represents a general

feature of behavior across the animal kingdom. One of the fundamental questions

underlie how the nervous system controls movement system? How are locomotor

patterns fine-tuned by neuromodulatory states at the level of sensory neurons and

interneurons?

Figure 1.2: Information flow from sensory neurons to motor neurons (Gray, Hill, and

Bargmann 2005).

Sensory neurons sense environmental cues through different receptors. Sensory

neurons send information to interneurons. Multiple sensory information is integrated

and processed in two separate layers of interneurons. Next these interneurons layers

relay processed information to command interneurons which finally send the signal to

motor neurons.

1.4 Exploratory Behaviour

Exploratory behavior refers to behavior in C. elegans that enables them to orientate

to their novel environment in search for food. Exploratory behavior is consist of two

behavior states local search and global search. Upon removal from food, C. elegans

initiates the local search in which it moves rapidly and frequently reverses to explore

nearby areas (see figure 1.3; Gray et al., 2005; Hills et al., 2004; Wakabayashi et al.,

2004). Over the next one hour, the worm goes for global search behavior in which

forward crawling are extended, and a decrease in reversals movements.
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Figure 1.3: Exploratory behaviour: Local search(0min) and Global Search (60min)

(Gray, Hill, and Bargmann 2005).

Cell ablation experiments in the past had identified various neurons of sensory, inter

and motor layers that regulate local search and global search behavior (Gray, Hill, and

Bargmann 2005; Hills 2004; Wakabayashi, Kitagawa, and Shingai 2004). AWC, ASK,

ASE, ASI and ADL sensory neurons have a role in controlling local search behavior

(Gray, Hill, and Bargmann 2005). Whereas ASI, ASE, ADF and ASH sensory neu-

rons are likely to be involved in the transition to global search behavior (Gray, Hill,

and Bargmann 2005). At interneuron layer, AIB interneuron which receives inputs

from many sensory neurons gives input to downstream AVA command interneuron

to execute reversals in local search, and AIY interneuron suppressed reversals during

distant search behavior (Gray, Hill, and Bargmann 2005; Wakabayashi, Kitagawa,

and Shingai 2004).

1.5 Research problem

The main objective of this project is to investigate neuromodulation due to neu-

ropeptides that act within the context of neuronal circuitry to control the exploratory

behavior of C. elegans. Nervous system comprises of neuronal circuits/networks that

handle various behavior. These neural networks are subjected to neuromodulators i.e.

neuropeptides and bio-amines, which allow circuits to alter their properties rapidly,

dynamically and reversibly during their active behaviors (Bargmann 2012). Most of

the neuromodulatory inputs that has been involved in neuromodulation are extrasy-

naptic and difficult to find in the first level of connectome analysis. Thus neuropep-
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tides, which are neuromodulators provide the useful entry points to study how the

nervous system controls behavior (Taghert and Nitabach 2012).

First Aim: To decipher the role of NPR-1 and NPR-11 receptors of FLP-18

neuropeptide, during global search behavior of C. elegans.

Exploratory behavior is performed in two phase’s local search and global search.The

switch from local search behavioral state to global search behavioral state is happen-

ing through neuromodulation. One of the neuropeptide, FLP-18 is reported to reg-

ulate reversal frequency in global search behavior through NPR-4 receptor and not

by NPR-5 receptor (see figure 1.4; Cohen et al. 2009). In their study, they have not

fully explored this neuromodulation of exploratory behavior.

Figure 1.4: FLP-18 regulates reversal frequency in global search behavior (Cohen et

al. 2009).

Second Aim: To elucidate the role of FLP-21 neuropeptide whose expression

are in many chemosensory sensory neurons during global search behaviour.

Chemosensory neurons are involved in the transition of locomotory states from

local search to global search behavior (Wakabayashi, Kitagawa, and Shingai 2004).

The che-2 mutant which is defective in its sensory cilium structure, continued to exe-

cute frequent short reversals after one hour of starvation and suggest that the ciliated
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sensory neurons regulate the locomotory patterns during global search behavior. One

such neuropeptide, FLP-21 expresses in the chemosensory neurons and its receptors

(NPR-1 and NPR-5) are also presented in the sensory neurons (Peymen et al. 2014).

FLP Neuropeptides Receptors

FLP-1 NPR-4, NPR-5, NPR-11

FLP-18 NPR-1, NPR-4, NPR-5, NPR-11

FLP-21 NPR-1, NPR-5

Table 1.1: FLP neuropeptides and their receptors (Peymen et al. 2014).
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Chapter 2

Material and Methods

2.1 Strains and maintenance

Strain Name Genotype

N2 Wild Type

RB2126 flp-1

VC2016 flp-18

RB982 flp-21

RB1330 npr-1

tm1782 npr-4

BAB1501 npr-1 npr-4

RB799 npr-11

Table 2.1: Strains list.

Strains were obtained from Caenorhabditis Genetics Center. All these strains

have been maintained at 20 degree Celsius and cultured as per standard protocol by

Brenner (1974).

2.2 Reversal assay

Worms were picked from food plate, transferred to nonfood plate and let it crawl for

one minute to remove food from its body. Worms were again moved to nonfood plate
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and recorded the reversal frequency for first five minutes. Worms were remained on

the same nonfood plate for one hour and transferred to another nonfood plate and

recorded the reversal frequency for next five minutes.

Figure 2.1: Exploratory behaviour: Local search(0min) and Global Search (60min).

2.3 Experimental conditions

For reversal assay, worms were grown at 20 degree Celsius and performed the reversal

assay on unseeded (nonfood) 90mm plates at 20 degree Celsius. Reversal assay was

recorded using a Zeiss AxioCam MRM camera for first five minutes and after one-hour

starvation five minutes. For transferring of worms, eyelash pick was used.
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Chapter 3

Results

FLP-18 is regulating the reversals during the global search through the

NPR-1 along with NPR-4 receptor but not through the NPR-11 receptor.

From the figure 3.1, the reversal frequency of WT, flp-18 and npr-4 mutants during

initial five minutes and after one hour five minutes is consistent with the past report

(Cohen et al. 2009). In our studies, we found npr-1 mutant shows no significant

change in the reversal frequency thus regulating reversal rate during global search

behavior. In the case of npr-11 mutant, they show significant decrease in reversal

frequency during global search behavior resembling WT phenotype. Hence FLP-18 is

regulating reversals frequency during global search behavior through its NPR-1 and

NPR-4 receptor.

Two other neuropeptides FLP-1 and FLP-21, are regulating reversal fre-

quency during global search behavior. From the figure 3.1, the reversal fre-

quency of both flp-1 and flp-21 mutants during local and global search remains non-

significant. NPR-4 is also a receptor for FLP-1 neuropeptide. Thus the flp-1;flp18

double mutant, need to be made in future for comparison with npr-4 mutant for

global search behavior. The FLP-21 expression is mostly in the sensory neuron and

RMG hub interneuron, and its receptors are NPR-1 and NPR-5. FLP-21 is regulating

reversals frequency during global search behavior through its NPR-1 receptor.
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The three neuropeptides, FLP-1, FLP-18, and FLP-21 are acting together

over the top of the wired neural circuitry via their multiple G protein-

coupled receptors present heterogeneously over the whole nervous system.

Neurons in the neural circuit responsible for exploratory behavior are subject to neuro-

modulation by these neuropeptides through their receptors and regulate the reversals

during the global search behavior. However, there is also a possibility for neuropep-

tides other than FLP-1, FLP-18, and FLP-21 to regulate the reversal frequency during

global search behavior through their various receptors.

Figure 3.1: Reversal assay for Local search (0min) and Global Search (60min).
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Chapter 4

Summary and Conclusions

4.1 Concluding Remarks

The neuropeptides are known for making multilayer network over the top of neural

connectome (Bentley et al. 2016). They are changing the output of the neural circuit

by neuromodulation. Neuropeptides control the gain of various sensory inputs and

thus behavioral features (Taghert and Nitabach 2012). This gain of sensory inputs

could be a result of direct activation and inactivation of peptide receptors in sensory

neurons themselves but also in interneurons that relay sensory information for further

processing. The regulation of behavior by neuropeptides in our studies will explain

their relation to sensory inputs and interneuron information processing and motor

outputs.

Neuromodulation at the sensory level, regulating reversal frequency dur-

ing global search behavior. The expression of FLP-21, NPR-1, and NPR-5 are in

the sensory layer neurons. FLP-21 is a ligand for both NPR-1 and NPR-5 receptor

(Peymen et al. 2014). NPR-1 is inhibitory, and NPR-5 is excitatory kind of GPCR.

FLP-21 is silencing the sensory neurons via NPR-1 and activating sensory neurons

via NPR-5. As the neuropeptide signaling is wireless, which means the FLP-21 is

silencing and activating the neurons more where the FLP-21 is being released and

expressing the NPR-1 (negative autoregulatory loop) or NPR-5 (positive autoregula-

tory loop) receptors. Moreover, NPR-1 is expressing on the hub interneuron named

RMG and which is connected via gap junctions to other neurons which are playing an

important role in regulating reversal movement (see figure 4.1; Macosko et al. 2009).
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Through NPR-1, the RMG neuron is shutting down itself and other neuronal activity

through gap junction. The result is downstream AVA command interneuron will not

receive sufficient inputs to give reversals.

Figure 4.1: Peptidergic Modulation of Exploratory Behavior

Neuromodulation at command interneuron level, regulating reversal fre-

quency during global search behavior. AVA command interneuron releases both

FLP-1 and FLP -18 neuropeptides. NPR-4 is an inhibitory kind of GPCR receptor

for FLP-1 and FLP-18 neuropeptides, and present on the AVA which is known for

controlling the reversal movements in the worms (Frooninckx et al. 2012). Both

FLP-1 and FLP-18 are making a negative autoregulatory loop through NPR-4 over
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AVA. Thus regulating the reversal frequency by silencing the activity of AVA during

global search behavior.

This study has started to give us an idea of the modulation of exploratory behavior

through neuropeptides and what are the consequences of such modulation to behav-

ioral features.

4.2 Future outlook

Reversal assay using flp-18;flp-1 double mutant.

Rescue experiments specifically for NPR-1 receptor in sensory neurons.

1 Psra-6::NPR-1 ASH neuron Specific Rescue.

2 Pgpa-4::NPR-1 ASI neuron Specific Rescue.

13



14



Bibliography

Bargmann, C I, and E Marder. “From the Connectome to Brain Function.” Nat

Methods 10.6 (2013): 483–490. Web.

Bargmann, Cornelia I. “Beyond the Connectome: How Neuromodulators Shape Neu-

ral Circuits.” BioEssays 34.6 (2012): 458–465. Web.

Bentley, Barry et al. The Multilayer Connectome of Caenorhabditis Elegans. N.p.,

2016. Web.

Chang, Yan Jung et al. “Modulation of Locomotion and Reproduction by FLP Neu-

ropeptides in the Nematode Caenorhabditis Elegans.” PLoS ONE 10.9 (2015): 1–16.

Web.

Cohen, Merav et al. “Article Coordinated Regulation of Foraging and Metabolism

in C . Elegans by RFamide Neuropeptide Signaling.” Cell Metabolism 9.4 (2009):

375–385. Web.

Couillault, Carole et al. “TLR-Independent Control of Innate Immunity in Caenorhab-

ditis Elegans by the TIR Domain Adaptor Protein TIR-1, an Ortholog of Human

SARM.” Nature immunology 5.5 (2004): 488–494. Web.

Frooninckx, Lotte et al. “Neuropeptide GPCRs in C . Elegans.” 3.December (2012):

1–18. Web.

Gray, Jesse M, Joseph J Hill, and Cornelia I Bargmann. “A Circuit for Navigation

in Caenorhabditis Elegans.” (2005): n. pag. Print. Hills, T. “Dopamine and Gluta-

mate Control Area-Restricted Search Behavior in Caenorhabditis Elegans.” Journal

of Neuroscience 24.5 (2004): 1217–1225. Web.

Macosko, Evan Z et al. “A Hub-and-Spoke Circuit Drives Pheromone Attraction and

Social Behaviour in C. Elegans.” Nature 458.7242 (2009): 1171–5. Web.

Peymen, Katleen et al. “The FMRFamide-Like Peptide Family in Nematodes.” Fron-

tiers in Endocrinology 5.June (2014): n. pag. Web.

15



Taghert, Paul H., and Michael N. Nitabach. “Peptide Neuromodulation in Inverte-

brate Model Systems.” Neuron 76.1 (2012): 82–97. Web.

Thacker, Colin, and Ann M. Rose. “A Look at the Caenorhabditis Elegans Kex2/Subtilisin-

like Proprotein Convertase Family.” BioEssays 22.6 (2000): 545–553. Web.

Waggoner, Laura E. et al. “Effect of a Neuropeptide Gene on Behavioral States in

Caenorhabditis Elegans Egg-Laying.” Genetics 154.3 (2000): 1181–1192. Web.

Wakabayashi, Tokumitsu, Izumi Kitagawa, and Ryuzo Shingai. “Neurons Regulating

the Duration of Forward Locomotion in Caenorhabditis Elegans.” 50 (2004): 103–111.

Web.

Purves, Dale (2008). Neuroscience. 4th ed. Sinauer Associates.

Strand, F. L. 2007. Neuropeptides. Handbook of Contemporary Neuropharmacology.

http://www.wormbase.org

www.wormbase.org

16


