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                                         Abstract 
 
 
 
 
 
 

CREB is a transcription factor. CREB is known to regulate expression of various genes 

involved in different functions. We found that CREB regulates expression of neuropeptide 

FLP-18 in C.elegans. FLP-18 is known to effect backward movement in C.elegans. Further 

we go on to show that CREB controls length of backward movement in C.elegans. Mutation 

in CREB homolog crh-1 resulted in decreased length of backward movement. This 

phenotype was rescued by expressing repressor isoform of CREB, CRH-1f in crh-1 

mutants. These results suggests that CREB regulate FLP-18 expression and length of 

backward movement during exploratory behavior in C.elegans.    
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Chapter  1 
 

 

Introduction 
 
 
 
 

1.1 Basic Theory 
 

1.1.1 Behavioral responses in C.elegans  
 
For the survival of an organism, it’s critical to modulate its behavior in response to various 

environmental conditions. The nervous system of higher mammalian organisms is very 

complex. They can have a wide variety of behavioral response in different conditions. We 

human beings continuously sense our environment, process information and execute a 

behavioral response. In response to some visual, auditory and other sensory cues we can 

have positive, negative or neutral behavioral responses. We express emotions, sleep, dance, 

play, walk, run and think in different situations of our life. We have the ability to perform 

cognitive tasks which simple vertebrates can’t perform. C.elegans is a very simple model 

organism, which is widely used in different scientific studies as development, aging, 

cellular processes, metabolic pathways. One of the most important features of C.elegans is 

its well-defined nervous system which is made up of 302 neurons having identified 

connections with each other1. It has been studied widely to understand functions of various 

genes involved in various nervous system functions.  

To understand the nervous system, it’s crucial to correlate functions of various 

molecular and cellular targets with the behavioral response.  

Different types of behavioral studies have been performed in C.elegans. Some of 

the most studied behaviors in C.elegans are: 

1. Mechanosensation:  

This behavior worms show in response to mechanical stimuli. The response of 

worm varies for different types of mechanosensory cues like gentle touch2,3, 

harsh touch to the midbody4 and nose touch5. 
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2. Osmotic avoidance: 

This behavioral output helps the worms to avoid high concentration of a 

solution6. 

 

3. Chemosensation: 

This behavior involves the movement of worms toward or away from a 

chemical cue in response to change in its concentration gradient. Various 

chemicals are sensed by different sensory neurons which can act as an attractant 

or repellent7,8. Worms can sense different volatile and gustatory cues9,10. 

 

4. Learning, adaptation and habituation: 

Worms can learn to suppress behavioral response when continuously exposed 

to a sensory cue11. This type of learning is called habituation.  

 

5. Thermal response: 

Worms can sense the temperature associated with food and avoid temperature 

of starvation12. This type of behavior is known as thermotaxis. 

 

6. Mating behavior 

 

 

Most important and shared feature underlying all the behaviors is change in 

locomotion. Worm can either move forward, backward movement (reversal) or take omega 

turn. Change in frequency13,14 and length of reversals14 and omega turns15 can create bias 

in movement which can ultimately change behavior in response to various sensory cues.  
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Picture1: Spontaneous reversal followed by Omega turn16. 

Reversals and omega turns are widely studied in various behaviors. So the significance of 

frequency of reversals is: 

1. Increased reversal frequency increases local search behavior but suppresses 

long distance search. 

2. Decreased reversal frequency can suppress local search which is important in 

conditions like starvation. 

 

Reversal length can also create bias in locomotion along with reversal frequency. 

Different underlying neural circuits regulate behaviors in C.elegans. Therefore to 

understand a behavior neural circuitry underlying behavior is studied. 
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1.1.2. Studying neural circuits in C.elegans:  

In C.elegans, various neurons are associated with different functions. After decades of hard 

work neural circuitry involved in some behaviors are mapped17. With advancement in tools 

to study circuitry, new circuits are getting mapped every year. Some of the tools used to 

study neural circuitry in C.elegans are: 

1. Ablation: Neuronal ablation is one of the first method used to examine the 

function of a particular neuron by killing neuron by laser beam18. It’s possible 

to ablate cell body of a neuron or a specific axon20, which is now used to study 

neuronal regeneration19. Femtosecond lasers are very popular for neuronal 

ablation studies. New methods have been discovered to ablate neuron by 

expressing a phototoxic protein in the desired neuron21. This protein then 

generates reactive oxygen species when the green light is shined on the worm 

and ablates neuron of interest.  

2. Neuronal silencing:  Specific neurons can be silenced during the particular 

study by using expressing Histamine-gated chloride channels in neurons of 

interest and exogenously provide histamine during study22.  

3. Optogenetic activation: Neurons can be selectively fired by expressing a light 

activated cation channel Channelrhodopsin in C.elegans23. This protein is a non-

specific cation channel which opens from blue light. This engineered protein 

have rapid activation and deactivation kinetics. Neurons can be stimulated from 

this tool with firing frequency of 3-4 Hz. 

4. Optogenetic silencing. Neurons can be silenced during behavior by expressing 

a light-driven chloride channel Halorhodopsin24. 

5. Calcium imaging: Activity of neuron in behaving can be monitored by 

expressing genetically engineered calcium indicator GCaMP25. This protein 

fluoresces when calcium binds to it. This protein is a reliable indicator of 

neuronal activity. 
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1.1.3. Neural circuits in C.elegans: 

C.elegans nervous system has very simple architecture. 302 neurons are connected with 

each other with excitatory, inhibitory chemical synapses and electrical synapses (gap 

junctions)17.  

  

 

 

 

 

 

 

Figure1: Circuit architecture of C.elegans. 

Sensory neurons sense various cues by different receptors. Three primary sensations in 

C.elegans are: 

1. Chemosensation 

2. Mechanosensation 

3. Thermosensation 

 

This sensed information is received by interneurons. Different sensory cues are 

integrated and processed in two different layers of interneurons. The first layer of 

interneurons directly receives information from sensory neurons. This information after 

processing transmitted to command interneurons which final transmit signal to motor 

neurons. There are three different types of motor neurons in C.elegans nervous system. A 

type motor neurons control backward movement, B-type motor neurons controls forward 

movement and D-type motor neurons receives a signal from A and B type neurons to 

control muscle contraction. 

 

Sensory neurons 

Interneurons 

Motor neurons 
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1.1.4 Exploratory behavior: 

In the absence of food, the worm tries to explore its environment to locate food. For this, 

they move forward, backward (reversal) and take occasional Omega turns16. This type of 

behavior is known as exploratory behavior. Reversals made during exploratory behavior 

are known as spontaneous reversals.  

1.1.4.1 Neural circuitry involved in exploratory behavior: 

Picture2: Neural circuitry involved in exploratory behavior16 

In the neural circuitry involved in exploratory behavior, AWC is the sensory neuron which 

is responsible for sensing food in C.elegans. AWC is an off type sensory neuron which is 

off in the presence of sensory cue (food). AWC is switched on in the absence of food. AWC 

controls reversals from the bidirectional switch of AIY and AIB. AWC inhibits AIY and 

excites AIB. Inhibition of AIY leads to leads to increase in reversals due to inhibition of 

RIM, which is an inhibitor of AVA. AIB excites AVA directly and through RIB. AVA is 

known as the master controller of reversal movement. The firing of AVA promotes 

backward movement by activating DA and VA motor neurons. Activation of AIB through 

also promotes omega turns  

RIV and SMD. ASK sensory neuron promotes reversals while ASI inhibits reversals. Other 

than AVA two other command interneurons AVD and AVE are also responsible for 

controlling backward movement. But it was shown in neuronal ablation studies that worms 

can initiate reversals in the absence of AVA, AVD, and AVE through an unknown parallel 

pathway.  
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1.1.5 Modulation of circuitry underlying behavior: 

Like every organism in C.elegans behavior is also regulated by switching on and switching 

off various neurons in neuronal microcircuits. Different neuromodulator molecules can also 

modulate behavior26. Unlike neurotransmitters which transmit signals from one neuron to 

other. Neuromodulators can change the activity of neurons. Two common neuromodulators 

are: 

1. Small molecule neurotransmitters: i.e. serotonin  

2. Neuropeptides 

 

1.1.5.1 Neuropeptides: 

Neuropeptides are signaling molecules used by neurons to communicate with each other. 

Neuropeptides can act as a neurotransmitter and a neuromodulator27. The fundamental 

difference between a small molecule neurotransmitter and neuropeptide is: 

1. Size: Neuropeptides are made up of amino acids. The size of a neuropeptide 

molecule varies from 5-24 amino acids. Small molecule neurotransmitter are 

very small compared to these neurotransmitter28.  

2. The time scale of activity: Neuropeptides can stay in the synapse for much 

longer time (1.6ms) compared to small molecule neurotransmitter (0.26ms)29. 

3. No. of released molecules: A small vesicle neurotransmitter can release 4700 

molecules but 18000 neuropeptides can be released from a dense core vesicle29. 

4. Reuptake: Small neurotransmitters are reuptake by presynaptic terminals but 

neuropeptides once released are degraded. So every time cell has to synthesize 

new neuropeptide molecules28. 

5. The site of release: Neurotransmitter are released from the active site of the 

synaptic terminal, but dense core vesicle (DCV) are released from distinct sites 

from active zone30. 
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1.1.6 Neuropeptides in C.elegans: 

250 different neuropeptides have been identified to be coded by 113 genes in C.elegans. 

There are three main types of neuropeptides in C.elegans31: 

1. Insulin-like peptides: NLPs 

2. FMRFamide related peptides (FaRPs): FLPs  

3. Non-insulin, non FLP peptides: Neuropeptide-like proteins NLPs 

Mature Neuropeptides are synthesized by posttranslational processing and modification 

from precursor peptide molecule. A single precursor molecule can lead to the formation of 

different peptides in different cell types by processing. 

   

 

 

 

 

 

 

 

 

 

Picture3: Processing of Neuropeptide precursor31 

 

Various genes like EGL-3, which encodes enzyme pro-protein convertase are involved in 

the processing of neuropeptides precursor32. 
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1.1.6.1 Functions of various neuropeptide genes: 

1. Insulin-like gene family:  

Insulin-like peptides play important role decision to enter dauer state in the 

absence of food33. 

2. The flp family: 

flp gene family is known to effect locomotion34, egglaying35. 

3. The nlp family:  

nlp gene family is known to have anti-microbial functions36 and modulating 

acetylcholine signaling37. 

 

1.1.7 Neuropeptide FLP-18: 

FLP-18 belongs to the family of famide related peptides. flp-18 gene can form six 

different types of putative peptides. flp-18 gene is reported to be expressed in AVA, AIY 

and RIM neurons in neural circuitry involved in the exploratory behavior of C.elegans39.  

 

Gene Putative 

peptide 

Peptide name Expression 

pattern 

Name in 

other species 

flp-18 GAMPGVLRFG 

   EMPGVLRFG 

    SVPGVLRFG 

     EIPGVLRFG 

 SEVPGVLRFG 

   DVPGVLRFG 

FLP-18-1 

FLP-18-2 

FLP-18-3 

FLP-18-4 

FLP-18-5 

FLP-18-6 

AVA, AIY, 

RIG, RIM, M2, 

rays 2,6 

 afp-1 

Table1: FLP-18 putative peptides and expression31. 

1.1.7.1 Reported roles of FLP-18 

1. Egglaying40 

2. Fat metabolism41 
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Mario deBono’s lab at Cambridge first reported the role of FLP-18 in exploratory behavior. 

FLP-18 controls reversal frequency during prolonged starvation which helps worm to 

suppress local search in the absence of food34.  

Expression of neuropeptides is regulated by various transcription factors. One important 

transcription factor which is known to regulate neuropeptide expression is CREB. 

   

1.1.8 Transcription factor CREB 

CREB (cAMP response element binding protein) is a transcription factor. CREB binds to 

cAMP response element (CRE) sites in the regulatory region of a gene42. CREB can 

upregulate or downregulate gene expression by acting as an activator or a repressor. CRE 

sites contain a highly conserved nucleotide sequence 5’-TGACGTCA-3’. CRE sites are 

generally found upstream of genes within promoter regions43. 

1.1.8.1 Mechanism of CREB action: 

Picture4: CREB activation mechanism46 

CREB has been known to be involved in long-term memory formation and neuronal 

plasticity.  Activation of CREB is considered a treatment for Alzheimer’s disease44. CREB 

regulates expression of various genes which includes c-fos, BDNF, tyrosin hydroxylase and 

numerous neuropeptides45. 
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CREB mediated expression of various genes could affect different behaviors. CREB is 

already known to regulate expression of various neuropeptides. We want to test whether 

CREB controls backward movement during exploratory behavior by regulating 

neuropeptide expression.  
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1.2 Experimental  Methods 

 
1.2.1 Strains used: 

All strains were cultured and maintained under standard methods at 20oC.(Brenner, 

1974). Worms were grown using Escherichiastrain OP50. The following strains were 

used: N2, YT17(crh-1 mutants), BAB719 (Prab-3::crh-1f in wild type), BAB750 (Prab-

3::crh-1f in crh-1 mutants), SRS85 (Psra6::ChR2 in wild type), BAB751 (Psra6::ChR2 

in crh-1 mutants). 
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1.2.2 Reversal assay 

 
To observe the exploratory behavior of worm worms were picked from a plate with food 

to a plate without food for 30s to remove food from its body. Then again worm was 

picked to a plate without food for 5min.  

Figure2: Reversal assay 

In the absence of food, worm explores its environment to locate food. For this worm moves 

forward, take occasional reversals and omega turns. Reversal taken during exploratory 

behavior are called spontaneous reversals. During exploratory behavior I observed: 

1. The frequency of reversals: No. of reversals taken in 5min. 

2. Reversal length: No of body bends taken during reversal. 

 

Experimental conditions: For reversal assay worms were grown at 20ºC. Reversal assay 

was performed on unseeded 90mm plates at 20ºC. Movement of worms was recorded for 

5min. The assay was recorded using a Zeiss AxioCam MRM camera. 

 

 

  

5 
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1.2.2 Quantitative Real-Time PCR: 

 
Quantitative real-time PCR is a technique used to quantify DNA molecules above or 

below a certain amount by PCR. Two methods used for detection of PCR products are: 

1. Non-specific fluorescent dyes (SYBR Green) cDNA probes.   

Picture5: SYBR Green for qRT-PCR48 

2. Sequence-specific DNA probes consisting of oligonucleotides labeled with a 

fluorescent reporter. 

 

1.2.2.1 Quantitative real-time PCR to measure gene expression 

Gene expression in a cell can be measured by copies of mRNA present in it. This mRNA 

is first reverse transcribed into cDNA with reverse transcriptase. A fluorophore along with 

cDNA, primers, deoxy ribonucleotides, buffer and DNA polymerase are added in a PCR 

reaction to measure generation rate of the specific product.  
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1.2.3 Optogenetics: 

Optogenetics is a method to stimulate/silence a neuron based on genetically engineered 

light-gated ion channels which allow cations or anions to pass through when light is 

shined on it. There are two different class of proteins: 

1. Channelrhodopsin (Cation channel for neuronal activation). 

2. Halorhodopsin and Archaerhodopsin (Anion channels for neuronal silencing). 

 

 

 

 

 

 

 

 

 

Figure3: Optogenetics in C.elegans 

AVA is the controller of backward movement in C.elegans. The firing of AVA neuron can 

lead to reversals. During spontaneous reversals stimulation of AVA is not always same but 

AVA can be stimulated in a controlled way by optogenetic stimulation. In the neural 

circuitry of exploratory behavior due to unavailability of neuron-specific promotors we 

chose ASH neuron for AVA stimulation. ASH is located just upstream of AVA and share 

glutamatergic chemical synapses.  

Experimental conditions: For optogenetic assay worms were grown at 20ºC on all-trans-

retinal plate. Blue light was shined at fixed magnification on freely moving worms for 3s 

in a 90mm plate with thin OP50 seeding at 20ºC. This experiment was performed on Zeiss 

imager.Z2 upright microscope equipped with epifluorescence. Individual animals were 

exposed to blue light (488 nm), while moving forward. The movement was recorded using 

a Zeiss AxioCam MRM camera. 
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Results: 

1. Quantitative real-time PCR: 

CREB is known to regulate expression of various Neuropeptide genes. FLP-18 

neuropeptide is expressed in the neural circuitry of exploratory behavior. When we 

looked at the promoter region of FLP-18, we found multiple half and full CREB binding 

sites (CRE sites). We wanted to test whether CREB regulates expression of 

neuropeptide FLP-18 in C.elegans. CRH-1 is CREB homolog in C.elegans. We used 

real-time quantitative PCR to check flp-18 expression levels in wild-type and crh-1 

mutant background 

     

Figure4: flp-18 expression levels in crh-1 mutants compared to wild type worms. 

 

 

We observed 147 fold increase in flp-18 expression levels in crh-1 mutants compared to 

wild type worms. This data suggests CREB homolog represses flp-18 expression. 
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2. Reversal assay: 

crh-1 mutants showed an increase in flp-18 levels. FLP-18 is expressed in three neurons 

AIY, RIM, and AVA in the neural circuitry of exploratory behavior. We wanted to 

investigate the effect of increased FLP-18 levels in crh-1 mutants on the backward 

movement of worms. 

Figure5: Decreased reversal length of crh-1 mutants 

 

crh-1 mutants showed a decrease in reversal length compared to wild type worms. crh-

1 mutants have increased FLP-18 levels. We could rescue decreased reversal length of 

crh-1 mutants by pan-neuronal expressing repressor isoform CRH-1f. There are six 

different isoforms of CRH-1 in C.elegans. All the other isoforms have DNA binding 

domain as well as activator domain. CRH-1f has only DNA binding domain therefore, 

can’t recruit CREB binding protein (CBP).  
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3. Optogenetic stimulation: 

We wanted to test whether crh-1 mutants show a decrease in reversal length when AVA 

is stimulated using optogenetic stimulation. We stimulated AVA in wild-type and crh-

1 mutants by shining a blue light (480nm) for 3s in freely moving worms in a plate with 

thin OP50 seeding. The reversal length was observed in terms of body bends reversed 

during each reversal. 

 

Figure6: Optogenetic stimulation of ASH neuron in wild-type and crh-1 mutants 

 

crh-1 mutants showed a decrease in reversal length compared to wild type worms which is 

consistent with our observation of exploratory behavior. 
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Chapter  2 
 

 

Summary & Conclusions 
 
 
 
 

2.1   Concluding Remarks 

 
CREB is a transcription factor responsible for regulating expression of many genes 

involved in various functions. One of a major class of genes regulated by CREB is 

neuropeptides. Neuropeptides can work as neuromodulators and modulate the activity of a 

neuron. Neuropeptide FLP-18 belongs family of Famide related peptides. FLP-18 is 

expressed in the neural circuitry of exploratory behavior. FLP-18 is also known to effect 

reversal frequency during starvation. There is a 147 fold increase in flp-18 expression levels 

in crh-1 mutants. crh-1 mutants showed decrease length of reversals compared to wild type 

worms. This decrease in length can be a due increase in flp-18 levels which need to confirm 

by investigating the reversal length of flp-18 mutant and flp-18;crh-1 double mutant. 

Decreased length of crh-1 mutants is rescued by expressing repressor isoform CRH-1f of 

CREB. These results suggest that CREB regulates expression of neuropeptide FLP-18, and 

CREB controls length of backward movement. CREB mediated control of reversals could 

be due to the regulation of FLP-18 expression which requires further investigation. 
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2.2   Future Outlook 

 

 
1. Rescue quantitative real-time PCR:  

Quantitative real-time PCR of Prab-3::crh-1f in the crh-1 mutant background to 

prove FLP-18 expression is regulated by repressor isoform of CRH-1. 

2. Rescue reversal assay:  

Expression of CRH-1f in neurons expressing FLP-18 [Pflp18::crh-1f]  should 

rescue decreased reversal length of crh-1 mutants.  

 

3. The reversal length of flp-18 and flp-18;crh-1 double mutants. 

 

4. Calcium imaging of AVA in wild-type and crh-1 mutants. 
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