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The growing epidemic of obesity and eating disorders demands the study 

of regulatory mechanisms of food intake. Studying mutants whose food intake is 

altered under various conditions has greatly advanced our understanding of the 

mechanism. However, it is still largely unknown by which mechanisms 

perception of food activates food intake. The simple anatomy, genetic tractability, 

and well-characterized and quantifiable feeding behavior and evolutionary 

conservation of feeding regulators make C. elegans an attractive model system for 

the study.  

Food intake in C. elegans requires two muscle motions, pharyngeal 

pumping and isthmus peristalsis, and the frequencies of the two feeding motions 

dramatically increase in response to food as in other organisms. I attempted to 

understand the mechanism underlying food-induced feeding activation by 
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studying the mechanism and the physiological context of action of serotonin, an 

endogenous activator of pharyngeal pumping. Here I show that like food, 

serotonin increases overall feeding by activating both feeding motions. Serotonin 

activates the two feeding motions by activating two distinct neural pathways. A 5-

HT7 receptor activated the two motions mainly by acting in the two distinct 

pharyngeal motor neurons that are essential for food-induced feeding activation. 

Moreover, the results support that the serotonin receptor activated the two distinct 

neurons mainly by activating two distinct downstream G protein signaling 

pathways. Despite the separate regulation, isthmus peristalsis was coupled to the 

preceding pharyngeal pump. The separate regulation with coupling of the two 

feeding motions may have evolved to support efficient feeding by allowing 

control of the ratio of the frequencies of the two muscle motions according to 

density of food and by preventing futile isthmus peristalsis.  

Then, which aspect of food triggers the serotonin signal that increases 

food intake? I found that recognition of familiar food selectively triggers the 

serotonin signal. Worms selectively consume particular bacteria more actively 

after experience and the behavioral plasticity requires serotonin signaling. By 

dissecting the mechanism, I found that recognition of familiar food triggers 

serotonin release from a pair of chemosensory neurons. The released serotonin 

acts as an endocrine signal to increase pharyngeal pumping rate by activating the 

pharyngeal motor neuron that directly triggers pharyngeal pumping. The results 
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suggest that worms form a memory of previously experienced food and that the 

memory controls food intake. Consistently, the familiar-food induced feeding was 

strongly dependent on duration of exposure to food to learn but not developmental 

timing of exposure or nutritional status. Furthermore, worms could remember the 

previously experienced food at least for several hours.  

 My study provides insight into how feeding organ operates to increase 

food intake in response to food and how a particular aspect of food controls the 

process to increase food intake in C. elegans. Studying familiar food-induced 

feeding activation may help us understand the mechanisms underlying perception 

of different food and encoding, retention and retrieval of the memory of familiar 

food.
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Chapter 1 Introduction 
 

 GENETIC STUDIES OF FOOD INTAKE  

 Animals sense and respond to environmental stimuli. Such behaviors are 

shaped by interaction between genes and environment. Gene changes alter 

behavior by affecting development or function of sensory organs, central nervous 

system or motor output. Analysis of mutants whose behaviors are altered by 

genetic mutations has advanced substantial understanding of cellular and 

molecular basis of behaviors by supporting the behavioral analysis in several 

ways, for instance, identifying molecular components that control behaviors and 

their way of action, dissecting complex behavioral systems and investigating the 

physiological or ecological context and significance of a behavior. 

 

  Due to the rapidly growing epidemic of obesity and eating disorders, 

understanding regulatory mechanism of food intake is of great demand. Feeding 

behavior, consisting of food seeking and food consumption, is regulated by 

various environmental and internal inputs such as sensory factors, nutritional 

status, emotional processing, decision-making and learning (Figure 1-1). Genetic 

analysis of mutants has greatly advanced our understanding how food intake is 

regulated in the context of overall energy balance (Figure 1-2) (Barsh and 

Schwartz, 2002; Coll et al., 2007). In contrast, it is largely unknown by which 
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mechanism cognitive or emotional inputs such as polymodal sensory 

representations of food, reward expectation from food intake, previous food 

experiences or emotion regulate food intake (Berthoud, 2004; Zheng and 

Berthoud, 2008). Given that food intake is regulated by integration of cognitive 

inputs and metabolic inputs, it is crucial to study the mechanism underlying 

cognitive control of food intake for better understanding of regulation of food 

intake.  
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Figure 1-1. Schematic diagram of various environmental and 

internal inputs that are integrated to control food intake. The various 

inputs can be classified into two types, overall energy balance 

(metabolism), and cognition/emotion (taken from (Zheng and 

Berthoud, 2008)). 
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Figure 1-2. A schematic of the mechanisms underlying regulation of 

food intake in the context of overall energy balance. The  two sets 

of neurons in the arcuate nucleus, orexigenic Agrp/Npy and 

anorexigenic Pomc/Cart neurons, play opposite roles in  regulating 

food intake. Agrp  and Npy are neuropeptides that increase food 
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intake and decrease energy expenditure, whereas α-melanocyte 

stimulating hormone (a post-translational derivative of Pomc) and 

Cart are neuropeptides that inhibit food intake and increase energy 

expenditure. Insulin and leptin, hormones that circulate in 

proportion to body adipose stores, decrease food intake by 

suppressing Agrp/Npy neurons and by stimulating adjacent 

Pomc/Cart neurons. Ghrelin, a circulating peptide secreted from 

the stomach, increases food intake by activating Agrp/Npy 

neurons. Agrp, agouti-related protein; Npy, neuropeptide Y; Pomc, 

proopiomelanocortin; Cart, cocaine-and amphetamine-regulated 

transcript; Ghsr, growth hormone secretagogue receptor; Lepr, 

leptin receptor; Mc3r/Mc4r, melanocortin 3/4 receptor; Y1r, 

neuropeptide Y1 receptor (taken from (Barsh and Schwartz, 2002)).  

 

C. ELEGANS AS A MODEL SYSTEM FOR FEEDING RESEARCH AND 

RESEARCH APPROACH 

 

 C. elegans, a bacteria-eating roundworm, is an attractive model organism 

for studying regulation of food intake. Genetic manipulation is easy and the 

anatomy is simple (Figure 1-3) (Schafer, 2005). Feeding behaviors in C. elegans 
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have been well characterized and are amenable to quantitative analysis. Moreover, 

the molecules that control food intake are also at least partly conserved in C. 

elegans (Douglas et al., 2005; Kaun and Sokolowski, 2009; You et al., 2008).  
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Figure 1-3. Nuclei of the pharynx. The C. elegans digestive tract 

consists of the buccal cavity (lower panel, yellow), foregut or 

pharynx (green), midgut or intestine (orange) and hindgut (blue). 

Within the pharynx (upper panel), nuclei of muscles, neurons, 

epithelia, marginal cells and glands are shown as red, purple, 

orange, pink and brown. The picture of pharynx is a lateral view of 

the left-side nuclei and does not show all 14 types of pharyngeal 

neurons. MC and M4 pharyngeal motor neurons are labeled in 

purple (modified from wormbook). 

 

 Food intake in humans requires a series of repetitive muscle motions such 

as putting food into the oral cavity, chewing and swallowing. Thus, studying 

mutants that are defective in increasing frequencies of the feeding motions in 

response to food would be informative to understand the mechanism by which 

perception of food, a cognitive regulator of food intake, triggers food intake. Food 

intake in C. elegans requires pharyngeal pumping and isthmus peristalsis, the two 

muscle motions of the feeding organ (Albertson and Thomson, 1976). Pharyngeal 

pumping is a synchronized muscle motion that allows worms to take up bacteria 

from environment and crushes them for further digestion. Isthmus peristalsis is a 

peristaltic motion that transports bacteria from the anterior to the posterior 
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pharyngeal muscle that crushes bacteria. As in mammals, food increases 

frequencies of the feeding motions in C. elegans (Avery and Horvitz, 1990; 

Horvitz et al., 1982). 

 

 Frequencies of the feeding motions are controlled by the nervous system 

of the feeding organ, the pharynx (Avery and Horvitzt, 1989). The C. elegans 

pharyngeal nervous system consists of 20 neurons of 14 types. Among the 14 

types of neurons, MC and M4, two motor neurons in the feeding organ (Figure 

1-3), are essential for active pharyngeal pumping and isthmus peristalsis, 

respectively, in response to food (Avery and Horvitz, 1987, 1989). 

  

 There are multiple humoral factors that control frequencies of the feeding 

motions in C. elegans (Papaioannou et al., 2005; You et al., 2008). Among them, 

serotonin is particularly interesting. Serotonin is an endogenous regulator that 

mimics the effects of food in controlling multiple behaviors, including pharyngeal 

pumping (Horvitz et al., 1982). Because of its food-mimicking pleiotropic effect, 

serotonin signal was proposed to act upon perception of food. Furthermore, 

serotonin-depleted mutants are defective in full activation of pharyngeal pumping 

in response to food (Sze et al., 2000). The C. elegans genome encodes 5 serotonin 

receptors: SER-1, SER-4, SER-5, SER-7 and MOD-1. SER-1, SER-4, SER-5 

SER-7 encode C. elegans homologs of 5-HT type 2, 5-HT type 1, 5-HT type 6 
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and 5-HT type 7 serotonin metabotropic receptors, respectively, and MOD-1 

encodes a 5-HT type 3 serotonin-gated Chloride channel. Among them, only 

SER-7 is necessary for full fast pumping in response to serotonin as well as food 

(Hobson et al., 2006). Interestingly, SER-7 is expressed in MC and M4 (Hobson 

et al., 2006), the two motor neurons that are crucial to activate the two feeding 

motions in response to food. For these reasons, I studied the mechanism and the 

physiological context of serotonin action in an attempt to understand the 

mechanism underlying food-induced feeding activation. 
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Chapter 2  Materials & Methods 
 

General methods and strains  

Except when stated otherwise, C. elegans was cultured at 19 °C as described by 

Brenner (1974). Except in Fig. 4-8, all worms used were hermaphrodites and the 

wild-type strain was N2 (Brenner, 1974). 

 

In Chapter 3, following alleles were used: 

Null mutations: mod-1(ok103) V, ser-4(ok512) III, ser-1(ok512) X, ser-7(tm1325) 

X, eat-2(ad465) II, gsa-1(pk75) I, acy-1(pk1279) III, gpa-12(pk322) X, dgk-

1(sy428) X, pkc-1(nj3) V. 

Hypomorphic mutations: kin-2(ce179) X, cha-1(p1152) IV, unc-13(s69) I, unc-

31(e928) IV.  

Gain of function mutations: gsa-1(ce81gf) I, acy-1(ce2gf) III, HS::gsa-1(Q227L), 

punc-17::gpa-12(Q205L), punc-17::rho-1(G14V), punc-17::pkc-1B(A160E). 

The mutant strains used were MT9668: mod-1(ok103) V, AQ866: ser-4(ok512) 

III, DA2100: ser-7(tm1325) X, DA1814: ser-1(ok345) X, KG421: gsa-1(ce81gf) I, 

DA2245: gsa-1(ce81gf) I; ser-7(tm1325) X, DA2301: ser-7(tm1325) X; 
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nyIs80[pflp-21::gfp(+)], DA2298: ser-7(tm1325) X; adIs2298[pflp-21::ser-7(+) 

pflp-21::gfp(+)], eat-2(ad465) II; ser-7(tm1325) X; adIs2298[pflp-21::ser-7(+) 

pflp-21::gfp(+)], DA2247: gsa-1(ce81gf) I; ser-7(tm1325) X; adEx2247[pser-

7b::gfp rol-6(d)], DA2375: gsa-1(ce81gf) I; ser-7(tm1325) X; adEx2375[pser-

7b::ser-7(+) pser-7b::gfp rol-6(d)], DA2297: ser-7(tm1325) X; adEx2297[pser-

7b::ser-7(+) pflp-21::gfp], ser-7(tm1325) X; adEx[pflp-2::ser-7(+) pflp-21::gfp], 

KG532: kin-2(ce179) X, DA2191: gsa-1(pk75) I / hT2(bli-4(e937) let(q782) 

qIs48[myo-2::gfp pes-10::gfp ges-1::gfp] I); + / hT2(III), KG761: acy-1(pk1279) 

III; ceEx108[myo-3::acy-1(+)], DA2374: gsa-1(pk75) I / hT2(bli-4(e937) 

let(q782) qIs48[myo-2::gfp pes-10::gfp ges-1::gfp] I); + / hT2(III); kin-2(ce179) 

X, gsa-1(pk75) I / hT2(bli-4(e937) let(q782) qIs48[myo-2::gfp pes-10::gfp ges-

1::gfp] I); + / hT2(III); adEx2374[pflp-21::gsa-1(+) pflp-21::gfp], KG621: 

Is[HS::gsa-1(Q227L)], KG518: acy-1(ce2gf) III, DA2246: adIs2246[punc-

17::gpa-12(Q205L) pacr-2::gfp], QT309: nzIs29[punc-17:rho-1G14V punc-

122::gfp], PS2627: dgk-1(sy428) X, NL594: gpa-12(pk322) X, QT253: 

nzEx72[punc-17:rho-1(G14VF25N) pttx-3::gfp], dgk-1(sy428) X; DA2376: gsa-

1(ce81gf) I; ser-7(tm1325) X; adEx2376[pser-7b::rho-1(G14V) pser-7b::gfp rol-

6(d)], PR1152: cha-1(p1152) IV, DA465: eat-2(ad465) II, DA2189: cha-1(p1152) 

IV; kin-2(ce179) X, unc-13(s69) I, DA509: unc-31(e928) IV, unc-31 IV; 

nzEx72[punc-17:gpa-12(Q205L) pttx-3::gfp], KP2753: pkc-1(nj3) V, KP2841: 

nuIs131[Punc-17::pkc-1B(A160E)], pkc-1(nj3) V; nzEx72[punc-17:gpa-
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12(Q205L) pttx-3::gfp], DA2378: unc-31(e928) IV; adEx2378[pser-7b::unc-

31(+) pflp-21::gfp], DA2377: unc-31(e928) IV; adEx2377[pflp-21::gfp]. 

 

In Chapter 4, the following mutant alleles were used: mod-1(ok103) V, mod-

5(n3314) I, ser-4(ok512) III, ser-7(tm1325) X, tph-1(mg280) II. In the main text 

only the gene name is shown. The mutant strains used were DA2100: ser-

7(tm1325) X, MT15434: tph-1(mg280) II, MT9772: mod-5(n3314) I, DA2289: 

tph-1(mg280) II; kyEx947[pceh-2::tph-1(+)::gfp punc-122::gfp(+)], DA2290: 

tph-1(mg280) II; kyEx949[psrh-142::tph-1(+)::gfp punc-122::gfp(+)], DA2293: 

tph-1(mg280) II; ser-7(tm1325) X, DA2294: tph-1(mg280) II; ser-7(tm1325) 

X; kyEx949[psrh-142::tph-1(+)::gfp punc-122::gfp(+)], DA2295: mod-5(n3314) 

I; tph-1(mg280) II, DA2296: mod-5(n3314) I; tph-1(mg280) II; kyEx949[psrh-

142::tph-1(+)::gfp punc-122::gfp(+)], DA2301: ser-7(tm1325) X; nyIs80[pflp-

21::gfp(+)], DA2297: ser-7(tm1325) X; adEx2297[pser-7::ser-7(+) pflp-

21::gfp], DA2298: ser-7(tm1325) X; adIs2298[pflp-21::ser-7(+)  pflp-

21::gfp(+)], DA2299: mod-5(n3314) I; tph-1(mg280) II; yzIs71[ptph-1::gfp rol-

6(su1006)]; kyEx949[psrh-142::tph-1(+)::gfp punc-122::gfp(+)], DA2300: tph-

1(mg280) II; yzIs71[ptph-1::gfp rol-6(su1006)]; kyEx949[psrh-142::tph-

1(+)::gfp punc-122::gfp(+)], GR1333: yzIs71 [tph-1::gfp, rol-6(su1006)] V, 
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OT180: ser-4(ok512); mod-1(ok103) V; ser-7(tm1325) X, ser-7(tm1325) X; 

adEx[pflp-2::ser-7(+) pflp-21::gfp]  

 

C. elegans killing assay 

To examine the potential pathogenicity of HB101 and DA1878, we performed 

fast and slow C. elegans killing assays as previously described (Tan et al., 1999). 

A pathogenic bacteria strain Pseudomonas aeruginosa PA14 (Tan et al., 1999) 

was used as a positive control for C. elegans killing. We transferred ~50 adult 

worms to each plate and prepared triplicates for each condition. After the transfer, 

we cultured the worms at room temperature and counted the number of dead 

worms every 24hrs. The assays continued for 7-10 days after the transfer. No 

killing was observed on either HB101 or DA1878. On the contrary, effective 

killing was observed on PA14 as previously described (Mahajan-Miklos et al., 

1999; Tan et al., 1999).  

 

Feeding assay 

Developmentally synchronized L1 larvae were cultured until adulthood (for 54hrs 

at 19°C) on training food. After the training, individual animals were transferred 

to test food for measuring feeding rates with or without being starved for 7-8hrs 
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on unseeded NGM plate at room temperature (RT). We starved the animals for 

the following reasons: First, the 7-8hrs of starvation synchronized the nutritional 

status of worms. Second, the 7-8 hour gap between the test and the last exposure 

to the training bacteria allows us to test if C. elegans can actually remember the 

familiar bacteria. Worms were fed fluorescent bacteria, and feeding rates of 

individual animals were quantified by counting pharyngeal contractions 2-5 mins 

after the transfer to test food at RT. Feeding motions of individual animals were 

observed with a Zeiss Stemi SV11 Apo microscope with rhodamine fluorescence 

filters (excitation at 546nm and emission at 610-675nm) to measure isthmus 

peristalsis rate as well as the pumping rate. The isthmus peristalsis data were not 

used for the analyses in this paper. The feeding rate of each animal (pumps per 

min) was calculated by averaging the three measures from each animal (pumps 

per 30secs) and subsequently by multiplying by 2.  

 

Preparation of test food for feeding assay 

For all figures except Figs. 4-2 A-B and 4-3A-B, test food was prepared by 

seeding 10ul of bacterial culture in LB (OD=5.0) on new NGM plates and 

incubating the seeded plates at RT for 5.5hrs and 7hrs for mCherry-expressing 

HB101 and DA1878, respectively. Before seeding the culture of DA1878, 
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fluorescent latex beads (L3280, SIGMA-ALDRICH, INC) were mixed with the 

culture at a 1:800 ratio. For Figs. 4-2 A-B and 4-3 A-B, test food was prepared in 

the same way except that 100ul of bacterial culture of mCherry-expressing 

HB101 was seeded. The variation in food preparation was necessary because tph-

1 mutants would not stay on food that was prepared from 10ul of the culture. 

 

Molecular biology and generation of transgenic strains 

The truncated ser-7 promoter (2.2kb) for expression in M4 and M2 (Hobson RJ et 

al. (2003)) [pser-7 F: 5'- CAA ACA GGT AGA CAA TGT TGT AAA CTG TGA 

-3' and pser-7 R: 5'- TTC ACC CCT CAG GCT GTG -3'] was cloned by PCR 

from wild-type(N2) genomic DNA. 1.3kb ser-7 cDNA [SER-7 cDNA F primer: 

5'-CCCGGGATGGCCCGTGCAGTC-3' and SER-7 cDNA R primer: 5'-

CCCGGGCTAGACGTCACTTGGTTCGT-3'] (Hobson et al., 2003) was cloned 

by PCR from a cDNA pool that was reverse transcribed from N2 mRNA extracts. 

pflp-21 and pflp-2 were a kind gift from Dr. Chris Li (Kim and Li, 2004). pser-7b 

and pflp-21 were cloned into HindIII-BamHI digested pPD96.52. ser-7 cDNA 

was cloned into the EcoRI site of the two vectors containing each of the 

promoters. gsa-1 cDNA [GSA-1 cDNA F primer: 5’-GAA TTC ATG GGG TGC 

GTC G and GSA-1 cDNA R primer: 5’- GAA TTC TTA TAG AAG CTC GTA 
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CTG TCG TAG] was cloned by PCR from wild-type (N2) cDNA library. After 

digestion with EcoRI, the cloned gsa-1 cDNA was inserted into the EcoRI site of 

pPD96.42 containing the flp-21 promoter. Dr. Nurrish and Dr. Miller kindly 

provided cDNAs that encode rho-1(G14V) and unc-31, respectively. NheI-SpeI 

digested rho-1(G14V) cDNA and AgeI-NheI digested unc-31 cDNA were 

inserted into the XhoI site of pPD96.52 containing the ser-7b promoter by blunt-

end ligation. The pflp-2::ser-7(+) rescue construct was generated by the PCR-

fusion method (Hobert, 2002) using the following primers: [pflp-2 A primer, 5'-

TCTGTGTTCACTCTACCAGGAACTTTTCTCACTTTTTAATACATATTTTC

ATGAAC -3', pflp-2 A’ primer, 5'- TCTGTGTTCACTCTACCAGGA -3', pflp-2 

B primer, 5'- GAGATATGTTGACTGCACGGGCCATGGTTTGCGACAATTG 

GTTTGGCAACG -3',  SER-7 cDNA C primer, 5'- ATGGCCCGTGCAGTC-3', 

pPD9575 3’UTR D primer, 5'- GGAAACAGTTATGTT TGGTATATTGGG -3']. 

To generate DA2297, DA2298 and ser-7;Ex[pflp-2::ser-7(+) pflp-21::gfp], 

germline transformation was performed with pser-7::ser-7(+) (100ng/ul), pflp-

21::ser-7(+) (50ng/ul) or pflp-2::ser-7(+) (75ng/ul) , and pflp-21::gfp (50ng/ul) 

as a injection marker in ser-7(tm1325). For DA2298, the extrachromosomal array 

was integrated into the chromosome by gamma irradiation (6 krad). The 

integration line was outcrossed five times against ser-7(tm1325). For DA2374, a 

mixture of pflp-21::gsa-1(+) (50ng/ul) and pflp-21::gfp (50ng/ul) was germline 

transformed in wild-type worms. Then, the transgenic males were crossed with 
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DA2191 hermaphrodites. F1 males that carry pmyo-2::gfp and pflp-21::gfp were 

selected and crossed with DA2191 hermaphrodites. After crossing, F1 

hermaphrodites that carry pmyo-2::gfp and pflp-21::gfp were singled. After letting 

the hermaphrodites self, the plates in which all adult worms had green pharynxes 

were selected. DA2375 and DA2376 were generated by germline transformation 

of DA2245 with pser-7::ser-7(+) (50ng/ul) or pser-7::rho-1(G14V) (15ng/ul). 

pser-7b::gfp (88ng/ul) and pRF4 (50ng/ul) were used as coinjection markers. For 

DA2377 and DA2378, pflp-21::gfp (50ng/ul) was germline transformed with or 

without pser-7b::unc-31(+) (50ng/ul) into unc-31(e928). 

 

 

Laser ablation of ADF 

Laser ablation of ADFs was performed by a modified procedure (Avery and 

Horvitz, 1987) We destroyed both ADFs in newly hatched GR1333 larvae (0-4hr 

old) using a MicroPoint laser ablation system (Photonic instruments, INC). For 

laser ablation, we mounted the larvae on 2% agarose pads containing 10mM 

sodium azide. To minimize the variation caused by sodium azide, we retrieved all 

the mock-operated and the putative ADF-ablated animals from the agarose pad 

after the same incubation time (12 mins). Mock-operated groups were treated in 

the same way except that the laser was not fired. The retrieved animals were 
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cultured on HB101 until adulthood (54hrs at 19°C). After 7hrs of starvation, 

feeding assays were performed as described in pages 10-11. Successful ablation 

of ADFs was confirmed by absence of the ADF GFP signals. Only data from 

animals in which both ADFs were specifically destroyed are included. 

 

Immunohistochemistry 

Samples of DA2299 and DA2300 were prepared as for the feeding assay. Just 

after the 7 hour starvation we divided each group into three equal subgroups and 

fixed one. The remaining two groups were separately refed on either DA1878 or 

HB101 and fixed after 1hr. This assay could not be done immediately after 

training because most of the serotonin-uptaking cells were serotonin positive in 

DA2300 as in wild type worms. The background was too high to detect any 

increase in serotonin release. Immunohistochemistry was performed by a protocol 

from Curtis Loer (http://home.sandiego.edu/~cloer/loerlab/anti5htlong.html) 

using the following antibodies: anti-serotonin rabbit IGG: S5545 (SIGMA-

ALDRICH, INC), Anti-GFP chicken IGG: GFP-1020 (Aves LABS, INC.), 

ALEXA FLOUR 488 goat anti-chicken IGG: A11039 (Invitrogen Corporation), 

Cy-3 conjugated donkey anti-rabbit IGG: 711-165-152 (Jackson 

ImmunoResearch). Failure of the co-immunostaining against serotonin and 
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against GFP was 0%. The GFP signal was for identifying serotonergic neurons 

(ptph-1::gfp) and for finding transgenics that express tph-1 cDNA in ADF (psrh-

142::tph-1::gfp). Due to Is[ptph-1::gfp] in DA2299 and DA2300, GFP signal was 

found in NSM, ADF, HSN and sporadically in RIH and AIM in all animals. 

Although ptph-1::gfp expresses GFP in ADF, we could still recognize the 

transgenic animals that express Ex[psrh-142::tph-1::gfp] because GFP signal in 

ADF is much stronger in those transgenics. The strong GFP signal in ADF was 

perfectly correlated with serotonin signal. In DA2300, serotonin signal was found 

in four different classes of serotonergic neurons (ADF, NSM, RIH and AIM). In 

DA2299, the control strain that is defective in serotonin uptake, serotonin signal 

was found only in ADF. Images were obtained with a Zeiss LSM510-meta 

confocal microscope using a 40X oil-immersion objective. 

 

Quantification of serotonin positive neurons 

To calculate the increase in the average number of the serotonin positive 

serotonin-uptaking cells during 1hr of refeeding for each group (Fig. 4-4d), we 

first blindly counted the number of serotonin positive AIMs and RIH from each 

animal and calculated the average number for each group. ADF, NSM and HSN 

were not included because serotonin was detected in all ADFs and NSMs even 

before refeeding and in none of HSNs even after refeeding. To minimize 
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variation, only the animals expressing TPH-1 in both ADFs (as indicated by the 

presence of the strong GFP signal from psrh-142::tph-1::gfp) were considered for 

counting the number of serotonin positive AIMs and RIH. Then, we subtracted 

the baselines from each familiar and novel food group as follows (see detailed 

analysis of data presented in Fig. 4-4d in page 22): (Serotonin positive cell)HD/HH = 

(Average number of serotonin positive AIMs and RIH)HD/HH – (Average number 

of serotonin positive AIMs and RIH)H.  (Serotonin positive cells)DH/DD = (Average 

number of serotonin positive AIMs and RIH)DH/DD – (Average number of 

serotonin positive AIMs and RIH)D. For data presentation, we combined the 

values from three independent experiments (see detailed analysis of data 

presented in Fig.4-4d in page 22). 

 

 

Statistical analysis 

To test the hypothesis that isthmus peristalsis is coupled to either the preceding 

pump or the following pump, we asked if the interval between isthmus peristalsis 

and either of the pumps correlates with the interval between the two consecutive 

pumps that are flanked by isthmus peristalsis (see the schematic in Fig. 3-1) using 

Spearman’s correlation test. The interval between the two pumps decreases as 

pharyngeal pumping rate increases. If isthmus peristalsis is coupled to the 

preceding or following pump, the interval between isthmus peristalsis and the 
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pump should be constant regardless of pharyngeal pumping rate, i.e. there should 

be no correlation between the interval between isthmus peristalsis and the pump 

and the interval between the two consecutive pumps. In contrast, if isthmus 

peristalsis and either of the pump is not coupled, the two intervals should have a 

strong correlation.  

 Testing for effects of drugs or mutations on isthmus peristalsis is 

complicated by the fact that most treatments that affect isthmus peristalsis also 

affect pumping, and isthmus peristalsis depends nonlinearly on pumping. 

Therefore, to compare isthmus peristalsis rates in two datasets, we required that 

the pumping rates in those datasets overlap, then asked whether isthmus 

peristalsis differed between datasets at the same pumping rate. The second 

question was answered by fitting parabolas to the data. Both datasets were 

simultaneously fit to the model 

 

xi and yi are pumping and isthmus peristalsis rates for worm i, Di is an indicator 

(dummy) variable that is 0 if worm i is in dataset 1 and 1 if worm i is in dataset 2, 

and a, b, c, and d are the fitting parameters. If isthmus peristalsis differs between 

the two datasets, (c, d) will differ from (0, 0). This was tested by calculating the F 

statistic: 
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where: 

c, d are the least-squares estimates of c and d. 

σc, σd, and ρ are estimates of the standard error of c, the standard error of 

d, and the correlation between c and d from the linear regression. 

n1, n2 are the numbers of points in datasets 1 and 2. 

The level of significance is the upper tail probability of a standard F distribution 

with 2 and n1 + n2 – 2 degrees of freedom. (Since c and d are squared in 

computing F, any deviation from (0, 0) gives a positive F, so this is a one-tailed 

test.)  

 

The data from the feeding assays either on bacteria or on serotonin were 

statistically analyzed by both the unpaired t-test and the Mann-Whitney U test 

(two-tailed). The two tests produced the same conclusions for all data analyses. 

For data presentation, the more conservative P value was selected. Only the 

familiar food group and the novel food group that were tested on the same test 

food were compared since the feeding rate on HB101 was significantly higher 

than the rate on DA1878 in both non-starved wild-type worms (P=0.006) and 7-

8hrs starved wild-type worms (P=0.003). The ser-7 effect on the feeding rate 

(shown in Fig. 4-2f) for each food condition was calculated by subtracting the 
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averaged feeding rate of the ser-7 mutant from the rate of wild-type worms that 

were tested under each food condition (see detailed analysis of data presented in 

Fig. 4-2f in page 20). Student’s t-test (two-tailed) was used to compare the ser-7 

effects on feeding rate between HH and DH groups, and between DD and HD 

groups (see detailed analysis of data presented in Fig. 4-2f in page 20). GraphPad 

Prism (version 5.0) was used for statistical analysis. To compare the increase in 

the numbers of serotonin positive cells during 1hr of refeeding on familiar food 

with the increase on novel food, we tested the data shown in Fig. 4-4d using 

Fisher’s method (Fisher, 1954) for combining the results of several independent 

tests bearing upon the same overall hypothesis. We first compared the difference 

in the increase in the number of serotonin positive cells between HH and DH 

groups, and between DD and HD groups in each experiment using Student’s t test 

(two-tailed). P values from three independent experiments were then combined 

using Fisher’s method and tested by Χ2 test (see see detailed analysis of data 

presented in Fig. 4-4d in page 22). 

 

 

Drug treatment and feeding assay  

To examine drug effects on feeding in the absence of bacteria, feeding rates were 

quantified from 3-5hr old L1 larvae that had never been exposed to bacteria. After 
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collecting embryos by egg preparation (Lewis and Fleming, 1995), we incubated 

them on unseeded NGM plates for 2hrs. Newly hatched L1 larvae (0-2hr old) 

were then transferred to unseeded NGM plates and incubated for 3hrs. The effect 

of each drug on the feeding rates was examined after 15 min incubation on 2% 

agarose pads containing the drug. Final concentrations of serotonin (H7752, 

SIGMA-ALDRICH, INC) and forskolin (F6886, SIGMA-ALDRICH, INC) in the 

pad were 20mM and 115.4mM, respectively. The pad in which forskolin was 

dissolved contained 0.25% ethanol and the controls for forskolin-treated worms 

were incubated with the same concentration of ethanol. 0.25% ethanol did not 

affect feeding rates (data not shown). Feeding motions of each larva were 

observed using a Zeiss Axiophot microscope with a 63x objective. 2min videos 

were taken from each larva with a Hitachi kP-160 CCD camera and digitized 

using Adobe Premiere v6.5 for quantification of feeding rates. Feeding rates were 

calculated by averaging 2 measures per each animal (pumps per 55sec).  

 

 

Detailed analysis of data presented in Fig. 4-2f 

Comparison of the differences in the feeding rates between wild-type(N2) and the 

ser-7 null mutant animals on familiar food with the differences on novel food 

using Student t-test 

 



25 

 

STEP 1. Calculation of the parameters (means and standard error of the  

  means of the differences in the feeding rates between N2 and ser-7  

  under HH, DH, DD and HD) for the comparisons using Student t- 

  test 

  

 Mean(N2HH-ser-7HH) = Mean(N2HH) - Mean(ser-7HH)  

 Standard error of the mean(N2HH-ser-7HH)  

 = [Var(N2HH)/n(N2HH) + Var(ser-7HH)/n(ser-7HH)]1/2 

 

 Mean(N2DH-ser-7DH) = Mean(N2DH) - Mean(ser-7DH)  

 Standard error of the mean(N2DH-ser-7DH)  

 = [Var(N2DH)/n(N2DH) + Var(ser-7DH)/n(ser-7DH)]1/2 

 

 Mean(N2DD-ser-7DD) = Mean(N2DD) - Mean(ser-7DD)  

 Standard error of the mean(N2DD-ser-7DD)  

 = [Var(N2DD)/n(N2DD) + Var(ser-7DD)/n(ser-7DD)]1/2 

 

 Mean(N2HD-ser-7HD) = Mean(N2HD) - Mean(ser-7HD)  

 Standard error of the mean(N2HD-ser-7HD)  

 = [Var(N2HD)/n(N2HD) + Var(ser-7HD)/n(ser-7HD)]1/2 
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 Mean(XY) is the mean of the feeding rate of animals of genotype X under Y condition  

 Var(XY) is the variance of the feeding rate of animals of genotype X under Y condition 

 n(XY) is number of animals of genotype X that were tested under Y condition 

  

 

STEP 2. Comparison of the differences in the feeding rates between wild- 

  type(N2) and the ser-7 null mutant animals on familiar food with  

  the differences on novel food using Student t-test 

   

A. Comparison between HH and DH 

      [{Mean(N2HH) - Mean(ser-7HH)} – {Mean(N2DH) - Mean(ser-7DH)}] 

 [Var(N2HH)/n(N2HH) + Var(ser-7HH)/n(ser-7HH) + Var(N2DH)/n(N2DH)  + Var(ser-7DH)/n(ser-7DH)]1/2

   

P<0.001 

   

   

t  = 
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B. Comparison between DD and HD   

           [{Mean(N2DD) - Mean(ser-7DD)} – {Mean(N2HD) - Mean(ser-7HD)}] 

     [Var(N2DD)/n(N2DD) + Var(ser-7DD)/n(ser-7DD) + Var(N2HD)/n(N2HD)  + Var(ser-7HD)/n(ser-7HD)]1/2

   

P<0.001 

 

These statistical analyses concluded that the difference in the feeding rates between wild-

type(N2) and ser-7 is greater on familiar food than the difference on novel food, 

suggesting that serotonin signaling via SER-7 is more active on familiar food than novel 

food.  

 

 

Detailed analysis of data presented in Fig. 4-4d 
 
STEP 1. Comparison of the increase in the average number of serotonin  

  positive serotonin-uptaking cells in the tph-1;Is[ptph-  

  1::gfp];Ex[ADF::tph-1(+)::gfp] animals that were refed on  

  familiar food with the increase in the animals that were refed on  

  novel food using Student t-test 

 

A. Calculation of the parameters (means and standard error of the means for 

 HH-H, DH-D, DD-D and HD-H) for the comparisons using Student t-test 

t  = 
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 (The subtraction was for isolating the increase in the number during the 

 1hr of refeeding.)  

 

 Mean(HH-H) = Mean(HH) - Mean(H)  

 Standard error of the mean(HH-H) = [Var(HH)/nHH + Var(H)/nH]1/2 

 

 Mean(DH-D) = Mean(DH) - Mean(D)  

 Standard error of the mean(DH-D) = [Var(DH)/nDH + Var(D)/nD]1/2 

 

 Mean(DD-D) = Mean(DD) - Mean(D)  

 Standard error of the mean(DD-D) = [Var(DD)/nDD + Var(D)/nD]1/2 

 

 Mean(HD-H) = Mean(HD) – Mean(H)  

 Standard error of the mean(HD-H) = [Var(HD)/nHD + Var(H)/nH]1/2 

 
 Mean(X) is mean of number of serotonin-positive serotonin-uptaking cells in group X 

 Var(X) is variance of number of serotonin-positive serotonin-uptaking cells in group X 

 nX is sample number of group X 

 

 

B.  Comparison between HH-H and DH-D in each experiment 
   
       [{Mean(HH) - Mean(H)} – {Mean(DH) - Mean(D)}] 
         [Var(HH)/nHH + Var(H)/nH + Var(DH)/nDH + Var(D)/nD]1/2   

t  = 
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 Experiment 1: P=0.239 
 Experiment 2: P=0.380  
 Experiment 3: P=0.007  

 

C.      Comparison between DD-D and HD-H in each experiment 

   

           [{Mean(DD) - Mean(D)} – {Mean(HD) - Mean(H)}] 

        [Var(DD)/nDD + Var(D)/nD + Var(HD)/nHD + Var(H)/nH]1/2 

 
 Experiment 1: P=0.155 
 Experiment 2: P=0.005 
 Experiment 3: P=0.540     
 

 

STEP 2. Comparison of the increases in number of serotonin-positive  

  serotonin-uptaking neurons (HH-H vs DH-D and DD-D vs HD-H)  

  using χ2 test after combining the data from 3 independent   

  experiments using Fisher’s method. 

       

 where pi is the P-value for the ith hypothesis test. When the P-values tend  

 to be small, the test statistic X2 will be large, which suggests that the null  

 hypotheses are not true for every test. 

t  = 
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 When all the null hypotheses are true, and the pi (or their corresponding  

 test statistics) are independent, X2 has a chi-square distribution with 2k  

 degrees of freedom, where k is the number of tests being combined. This  

 fact can be used to determine the P-value for X2. 

 
A. Comparison between HH and DH: X2=14.63 (degree of 

freedom=6): P=0.023 

B. Comparison between DD and HD: X2=15.40 (degree of 

freedom=6): P=0.017 

  

 These statistical analyses conclude that the increases in the average 

 number of serotonin positive serotonin-uptaking neurons of HH and DD 

 groups are greater than the increases of DH and HD groups, respectively. 
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Chapter 3 Serotonin-induced feeding activation in C. elegans 
 

ABSTRACT 

Feeding in C. elegans requires two distinct pharyngeal muscle motions, pharyngeal pumping and isthmus peristalsis. 

Bacteria, the natural food of C. elegans, activate both feeding motions. The food-induced active pharyngeal pumping 

and isthmus peristalsis require MC and M4, the two motor neurons in the pharynx, respectively. However, it is largely 

unknown by which mechanisms the pharyngeal neurons activate the feeding motions in response to food. To 

understand the mechanism, we studied the mechanism of action of serotonin, an endogenous activator of pharyngeal 

pumping whose action is activated by bacteria. Here we show that serotonin, like bacteria, activates overall feeding by 

activating both feeding motions. During active feeding, the frequencies and the timing of onset of the two motions were 

different, but each isthmus peristalsis was coupled to the preceding pump. We found that serotonin activates the two 

feeding motions mainly by activating two separate neural pathways. For activating pumping, SER-7 in MC activated 

acetylcholine transmission from MC to the pharyngeal muscles by activating the Gsα signaling pathway. For activating 

isthmus peristalsis, SER-7 in M4 (and possibly M2) activated the G12α signaling pathway in a cell-autonomous manner. 
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It is unclear by which neurotransmitter M4 activates the isthmus peristalsis, but release of dense core vesicles from 

unknown cell(s) acts in parallel with simulation by M4. Based on our results and previous calcium imaging of 

pharyngeal muscles, we propose that inducing isthmus peristalsis requires both muscle excitation during the pump and 

stimulation by M4. This model explains how the two feeding motions are separately regulated yet coupled. The 

pharynx may have evolved this way to support efficient feeding.  

 

INTRODUCTION  

The pharynx, a neuromuscular tube, is the feeding organ in C. elegans. The pharynx consists of 8 muscles and 20 

neurons of 14 types. The five large pharyngeal muscles are connected by gap junctions and constitute the 3 functional 

parts of the pharynx, the corpus, the isthmus and the terminal bulb, which are arranged from anterior to posterior 

(Albertson and Thomson, 1976). The corpus takes in food from the environment and accumulates the food in the 

anterior isthmus by its contraction and subsequent relaxation. The accumulated food is transported to the terminal bulb 

by a peristaltic movement of the posterior isthmus. The grinder in the terminal bulb crushes the food for nutrient 

absorption in the intestine. The pharyngeal muscles show two feeding motions, pumping and isthmus peristalsis. 
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Pumping is a synchronized contraction and subsequent relaxation of the corpus, the anterior isthmus and the terminal 

bulb (Figure 3-5A). Isthmus peristalsis is a peristaltic movement of the posterior isthmus (Figure 3-5B). 

The frequencies of the two feeding motions increase in response to bacteria, the natural food of C. elegans (Croll, 

1978). Among the 14 types of pharyngeal neurons, only MC and M4 are essential for normal fast pumping and for 

isthmus peristalsis, respectively (Avery and Horvitz, 1987; Avery and Horvitzt, 1989). It is unknown by which 

mechanisms the pharyngeal neurons activate feeding in response to bacteria. Here, we attempted to understand the 

mechanism by studying the process by which serotonin activates feeding for the following reasons: First, serotonin is 

an endogenous activator of pumping whose action is induced by bacteria (Sze et al., 2000). Second, serotonin activates 

pumping via a 5-HT type 7 receptor SER-7, which is expressed in multiple pharyngeal neurons including MC and M4 

(Hobson et al., 2006). In fact, to activate pumping, serotonin requires cholinergic transmission from MC to the 

pharyngeal muscles (Raizen et al., 1995). Furthermore, SER-7 expression in M4 raises the possibility that serotonin 

also activates isthmus peristalsis. 
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RESULTS 

Isthmus peristalsis is coupled to the preceding pharyngeal pumping.  

To ask if serotonin controls isthmus peristalsis as well as pumping, we compared the rates of the two feeding motions 

in presence of serotonin with the rates in its absence. Serotonin significantly increased the frequencies of both 

pharyngeal pumping and isthmus peristalsis. However, the following observations suggested that isthmus peristalsis is 

coupled to the preceding pharyngeal pump: First, isthmus peristalsis never occurred in the absence of pumping. 

Second, isthmus peristalsis always occurred immediately after a pump, although not every pump was followed by 

isthmus peristalsis (On average, isthmus peristalsis occurred every 3.4 pumps.). To test if the two feeding motions are 

coupled, we measured the time interval between isthmus peristalsis and the preceding or following pump. If the two 

motions are not coupled, both the interval between peristalsis and pump and the variance of this interval should 

decrease as the rate of pumping increases. This is indeed what we saw for the interval between peristalsis and the 

following pump (Figure 3-1B). In contrast, if pumping triggers isthmus peristalsis, one might expect the interval and its 

variance to remain constant as pumping rate increases. In fact, the interval between peristalsis and the preceding pump 

was small (~150 msec) and unaffected by the increase in pharyngeal pumping rate. The variance of the interval was 
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also small (50 msec) and constant (Figure 3-1A), which suggests that isthmus peristalsis is indeed coupled to the 

preceding pharyngeal pumping.  

 

SER-7 serotonin receptor separately activates the two feeding motions mainly by activating 

pharyngeal neurons MC and M4. 

Since isthmus peristalsis is coupled to the preceding pharyngeal pump, the increased isthmus peristalsis rate in 

response to serotonin might be caused by the increased pharyngeal pumping rate. To find out if serotonin stimulates 

isthmus peristalsis independent of pumping, we tested whether the isthmus peristalsis rate changed at a given 

pharyngeal pumping rate (see Statistical analysis in Chapter 2 for details of statistical analysis). To compare isthmus 

peristalsis rates at a given pharyngeal pumping rate, we used scatter plots in which the two feeding rates of each worm 

were plotted as a point (Figure 3-1C). In subsequent plots we summarize the data as ellipses for clarity (see Figure 

3-1D legend for details). We found that serotonin stimulated isthmus peristalsis as well as pumping, and the effect on 
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isthmus peristalsis was greater than what could be accounted for by the effect on pumping alone (Figure 3-1 C and D). 

These data imply that serotonin directly activates both feeding motions in a coordinated manner. 

We asked which receptor mediates the serotonin effect by examining the feeding rates of serotonin receptor null 

mutants in response to serotonin. Among 5 serotonin receptor null mutants, only the ser-7 mutant failed to pump 

rapidly in presence of serotonin (Figure 3-1E and Figure 4-6), confirming the previous report that SER-7 is the major 

serotonin receptor that mediates serotonin action on pumping (Hobson et al., 2006). On the contrary, it was not obvious 

which serotonin receptor activates isthmus peristalsis. The pharyngeal pumping rate of the ser-7 null mutant was too 

low to compare the isthmus peristalsis rate of the mutant with the rate of wild-type and the other serotonin receptor 

mutants had small or no change in isthmus peristalsis rate in response to serotonin (Figure 3-1E and Figure 3-6). To 

learn whether SER-7 affects isthmus peristalsis, we compared gsa-1(gf) and gsa-1(gf); ser-7 mutant animals. gsa-1 

encodes Gsα. The gsa-1 gain of function mutation was sufficient to activate pumping, even in the absence of SER-7 

(Figure 3-1F and Figure 3-2B). Although gsa-1(gf) and gsa-1(gf); ser-7 pumped at the same rate in the presence of 

serotonin, the isthmus peristalsis rate was lower in gsa-1(gf); ser-7 than in gsa-1(gf) (Figure 3-1F) These results 
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suggest that serotonin signaling via SER-7 activates both feeding motions and that serotonin activates isthmus 

peristalsis separately from pharyngeal pumping.   

We next asked in which cells SER-7 acts to activate the feeding motions. Based on a previous cell ablation study 

(Avery and Horvitz, 1987, 1989) and expression pattern of SER-7 (Hobson et al., 2006), we hypothesized that SER-7 

acts in MC and M4 to activate pharyngeal pumping and isthmus peristalsis, respectively. Consistent with the hypothesis 

that SER-7 in MC stimulates pumping, expression of SER-7 driven by the flp-21 or the flp-2 promoter fully restored 

serotonin-stimulated pumping in the ser-7 null mutant (Figure 3-1G and H). The flp-21 and the flp-2 promoters drive 

expression in several neurons, and the expression patterns of flp-21 and flp-2 overlap only in MC and M4 (Hobson et 

al., 2006; Kim and Li, 2004). Furthermore, expression of SER-7 in M4 failed to change the pumping rate of the ser-7 

null mutant in response to serotonin (Figure 3-1I). The failure is unlikely due to insufficient expression because a 

significant increase in isthmus peristalsis rate was observed in the transgenic animals (Figure 3-1I).  To test if SER-7 

indeed acts mainly in MC to stimulate pumping, we tested if blocking neurotransmission from MC blocks the rescue 

effect of pflp-21::ser-7(+) in the ser-7 mutant. EAT-2 is a nicotinic acetylcholine receptor subunit (Raizen et al., 1995). 

It is specifically localized in the pharyngeal muscles postsynaptic to MC (McKay et al., 2004) and thus an eat-2 null 
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mutation selectively blocks acetylcholine transmission from MC to pharyngeal muscles. eat-2 suppressed the rescue 

effect of pflp-21::ser-7(+) (Figure 3-1J), suggesting that SER-7 in MC activates pumping. Then, we tested if SER-7 

acts in M4 to stimulate isthmus peristalsis. The ser-7b promoter drives expression in M4 and occasionally in M2 

(Hobson et al., 2003). As expected, expression of pser-7b::ser-7(+) rescue construct fully restored serotonin-stimulated 

isthmus peristalsis in the gsa-1(gf);ser-7 mutant (Figure 3-1K), supporting that SER-7 in M4 (and possibly in M2) 

activates isthmus peristalsis.  

Serotonin activates pharyngeal pumping in response to bacteria, a natural food of C. elegans (Sze et al., 2000). Thus, 

we tested the physiological relevance of serotonin-stimulated feeding by testing if SER-7 in MC and M4 activates 

pharyngeal pumping and isthmus peristalsis, respectively in response to bacteria. As expected, SER-7 was essential to 

fully activate isthmus peristalsis and pumping in response to bacteria—pumping and isthmus peristalsis decreased 25% 

compared to wild type in the ser-7 null mutant (Figure 3-1L-N). Consistent with our results from exogenous serotonin 

treatment, the pflp-21:: ser-7(+) construct fully restored pumping and isthmus peristalsis rates (Figure 3-1M) to the 

wild-type level in response to familiar bacteria. In contrast, the pser-7b:: ser-7(+) construct fully restored stimulated 

isthmus peristalsis with a small effect on pumping (Figure 3-1N). The small yet significant increase in pharyngeal 
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pumping suggests that the two regulatory pathways that activate the feeding motions are not entirely distinct—one 

possible explanation is a mechanosensory effect of isthmus peristalsis on MC (Raizen et al., 1995). Together, these 

results suggest that SER-7 acts mainly in MC and M4 to stimulate pumping and isthmus peristalsis in response to 

serotonin, respectively. 

 

SER-7 cell-autonomously activates pharyngeal pumping via Gsα . 

SER-7 is a type 7 serotonin receptor (5-HT7). The 5-HT7 receptor is a G protein coupled receptor that is thought to be 

coupled to Gsα and G12α (Kvachnina et al., 2005). In favor of the hypothesis that Gsα signaling is downstream of SER-

7, heterologous expression of ser-7 cDNA increased intracellular cAMP level (Hobson et al., 2003), an indication of 

Gsα signaling. Thus, we hypothesized that active SER-7 in MC and M4 increases feeding rates by activating Gsα and 

G12α signaling pathways.  

We first tested if genetic manipulation of the conserved Gsα signaling pathway (Figure 3-2A) (Reynolds et al., 2005) 

alters the feeding rate as the hypothesis predicts. GSA-1, ACY-1 and KIN-2 encode Gsα, an adenylyl cyclase, and a 
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regulatory subunit of Protein Kinase A (PKA), respectively (Figure 3-2A). A constitutively active gsa-1 mutation 

increased pumping as effectively as serotonin did (Figure 3-2B). Furthermore, null mutations of gsa-1 and acy-1 

completely abolished and substantially attenuated activation of pumping, respectively (Figure 3-2E and F). We also 

found that treatment with forskolin, an activator of adenylyl cyclases, activated pumping as effectively as serotonin did 

(Figure 3-2C). However, an acy-1 gain-of-function mutation did not activate pumping (Figure 3-2N), suggesting that 

multiple adenylyl cyclases including ACY-1 act together to activate pumping. ce179, a hypomorphic allele of kin-2, 

also increased pharyngeal pumping compared to wild type in presence of serotonin (Figure 3-2D). ce179 by itself was 

not sufficient to activate pharyngeal pumping (data not shown), suggesting that the defective KIN-2 bearing the 

mutation still has some residual activity. In support of this hypothesis ok248, a kin-2 null mutation causes embryonic 

lethality (Barstead). Next, we confirmed the Gsα signaling pathway shown in (Figure 3-2A). Both forskolin treatment 

(Figure 3-2G) and ce179 (Figure 3-2H) in part restored the pumping rate in the gsa-1 null mutant, supporting that 

activated Gsα indeed acts by activating adenylyl cyclases and PKA in response to serotonin. Together, these data imply 

that activation of Gsα signaling is necessary and sufficient for serotonin to activate pharyngeal pumping.  
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Next, we tested if Gsα signaling acts downstream of SER-7. If so, activation of the Gsα signaling pathway should 

bypass the ser-7 null mutation block in activating pumping in response to serotonin. As expected, both the 

constitutively active gsa-1 mutation (Figure 3-2I) and forskolin treatment (Figure 3-2J) fully restored pharyngeal 

pumping rate in the ser-7 null mutant. These data suggest that Gsα signaling indeed acts downstream of SER-7. 

Finally, we asked if SER-7 activates Gsα signaling in a cell-autonomous manner by testing if expression of GSA-1 in 

flp-21-expressing cells (9 types of neurons including MC and M4 (Kim and Li, 2004)) is sufficient for normal 

serotonin-stimulated pumping. Consistent with the hypothesis that SER-7 in MC cell-autonomously stimulates feeding, 

the rescue construct fully restored pharyngeal pumping in the gsa-1 null mutant (Figure 3-2E).  

Together, these data support the conclusion that SER-7 in MC activates pharyngeal pumping by activating Gsα 

signaling pathway in a cell-autonomous manner in response to serotonin.  
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SER-7 serotonin receptor in M4 activates isthmus peristalsis mainly by activating the G12α  

signaling pathway in a cell-autonomous manner. 

Contrary to the dramatic and consistent effect on pumping, the Gsα signaling cascade had a relatively small effect on 

isthmus peristalsis. Constitutively active acy-1 was sufficient to increase isthmus peristalsis rate, but the size of the 

increase was small (Figure 3-2N). kin-2(ce179) (Figure 3-2D) and acute expression of heat-shock-inducible 

constitutively active gsa-1(Q227L) (Figure 3-2L) also significantly increased isthmus peristalsis rate in response to 

serotonin. However, activation of no component of the Gsα signaling pathway by itself increased isthmus peristalsis 

rate as effectively as serotonin (Figure 3-2K and N). Moreover, isthmus peristalsis in the gsa-1 null mutant increased in 

response to serotonin (Figure 3-2M), suggesting that an additional regulatory pathway exists. Since 5-HT7 receptors 

also activate G12α (Kvachnina et al., 2005), we hypothesized that Gsα and G12α act in parallel to increase isthmus 

peristalsis.  

We first tested if activation of the G12α signaling pathway increases isthmus peristalsis. gpa-12, rho-1 and dgk-1 

encode G12α, the small GTPase RhoA and diacylglycerol kinase components of the G12α signaling cascade, 

respectively (Figure 3-3A) (Hiley et al., 2006; McMullan et al., 2006). In favor of the hypothesis, expression of 
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constitutively active GPA-12 or RHO-1 in cholinergic neurons was sufficient to increase isthmus peristalsis rate 

(Figure 3-3B and C) in absence of serotonin. A dgk-1 null mutation also increased the isthmus peristalsis rate greatly in 

the presence of serotonin (Figure 3-3D). It is unclear why activation of G12α signaling by expression of constitutive 

GPA-12 or constitutive RHO-1 but not by depletion of dgk-1 activated isthmus peristalsis. Together, these data suggest 

that active G12α signaling activates isthmus peristalsis.  

The gpa-12 null mutation did not affect isthmus peristalsis rate in response to serotonin, suggesting that a redundant 

regulatory pathway exists (Fig. 3E). Since activation of Gsα signaling stimulated isthmus peristalsis, we speculated that 

G12α signaling and Gsα signaling pathways redundantly activate isthmus peristalsis. To test this possibility, we tested if 

blocking both Gsα and G12α signaling pathways suppress the serotonin-stimulated increase in isthmus peristalsis rate. 

Indeed, isthmus peristalsis rate was lower in the gsa-1; gpa-12 null mutant than in gsa-1 null mutant (Figure 3-3F), 

confirming that Gsα and G12α signaling pathways redundantly stimulate isthmus peristalsis. 

We next confirmed that G12α signaling activates isthmus peristalsis through the previously reported pathway (Figure 

3-3A) (Hiley et al., 2006; McMullan et al., 2006). RHO-1 activates neurotransmission by directly binding to and 

inhibiting DGK-1 in C. elegans (McMullan et al., 2006). We tested if RHO-1 increases isthmus peristalsis by the same 
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mechanism by testing whether F25N, a mutation of RHO-1 that disrupts the domain essential for DGK-1 inhibition, 

blocks the G14V (a constitutively active mutation) induced increase in isthmus peristalsis rate. Indeed, punc-17::RHO-

1(G14VF25N) failed to increase isthmus peristalsis (Figure 3-3C). Furthermore, the dgk-1 null mutation restored the 

isthmus peristalsis rate of the transgenics expressing punc-17::RHO-1(G14VF25N) to the rate of the transgenics 

expressing punc-17::rho-1(G14V) (Figure 3-3G), suggesting that RHO-1 activates isthmus peristalsis by inhibiting 

DGK-1.  

Finally, we tested if SER-7 activates isthmus peristalsis by activating G12α signaling in M4 in a cell-autonomous 

manner. For this, we asked if pser-7b:: RHO-1(G14V) restores serotonin-stimulated isthmus peristalsis in gsa-1(gf); 

ser-7(tm1325). The construct fully restored isthmus peristalsis (Figure 3-3H). Together, these data suggest that SER-7 

in M4 (and possibly in M2) activates isthmus peristalsis rate by activating the G12α signaling pathway in a cell-

autonomous manner. 
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The Gsα  signaling pathway activates pumping via cholinergic transmission from MC to the 

pharyngeal muscles.  

Activation of either the Gsα signaling or G12α signaling cascade increases neurotransmission in a cell-autonomous 

manner in C. elegans (Hiley et al., 2006; McMullan et al., 2006; Reynolds et al., 2005; Sieburth et al., 2007). To 

understand by which mechanism MC and M4 activate the pharyngeal muscles to increase feeding rates in response to 

serotonin, we asked which neurotransmitters mediate the neural stimulation. We first confirmed the previous result 

(Raizen et al., 1995) that serotonin requires cholinergic transmission from MC to the pharyngeal muscles to increase 

pumping rate. A hypomorphic cha-1(p1152) mutation attenuated pumping in response to serotonin (Figure 3-4A). cha-

1 encodes choline acetyltransferase, an enzyme required for biosynthesis of acetylcholine, and p1152 decreases choline 

acetyltransferase activity by 99% (Rand and Russell, 1984). Then, we confirmed that the cholinergic transmission from 

MC to the pharyngeal muscles stimulates pharyngeal pumping by testing whether an eat-2 null mutation suppresses the 

serotonin-stimulated pharyngeal pumping. Consistent with the previous report (Raizen et al., 1995), the eat-2 null 

mutation suppressed the serotonin-stimulated pumping (Figure 3-4C). Based upon our results that SER-7 activated 

pumping by activating Gsα signaling, we hypothesized that Gsα signaling activates pumping by activating cholinergic 
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transmission from MC to the pharyngeal muscles. Indeed, the hypomorphic cha-1(p1152) and eat-2 null mutations 

attenuated or completely suppressed the forskolin-stimulated pumping (Figure 3-4C and D), suggesting that the Gsα 

signaling pathway activated by SER-7 increased pumping by activating acetylcholine release from MC to the 

pharyngeal muscles.  

 

Gsα  and G12α  signaling pathways activate isthmus peristalsis via acetylcholine and 

neuromodulators packaged in dense core vesicles. 

Next, we tested if M4 also activates isthmus peristalsis by releasing acetylcholine. We suspected acetylcholine for the 

following reasons. First, both M4 and M2 express genes necessary for cholinergic transmission (Alfonso et al., 1993). 

Second, acute treatment with arecoline, an activator of muscarinic acetylcholine receptors, restored isthmus peristalsis 

in M4- worms (data not shown). We found that cha-1(p1152) mutation attenuated the isthmus peristalsis rate in kin-

2(ce179) (Figure 3-4E) but not in wild-type (Figure 3-4A) in response to serotonin. This result could be explained in 

several ways. First, it might be that acetylcholine is indeed the major neurotransmitter by which M4 activates isthmus 
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peristalsis, but the residual acetylcholine synthesized by the defective CHA-1 barely supports the activation of isthmus 

peristalsis in wild type animals. As a result, the effect of cha-1(p1152) is visible only in kin-2(ce179), where isthmus 

peristalsis occurs more frequently and thus more acetylcholine is required. Consistent with this possible explanation, 

we found no difference in the isthmus peristalsis rates between cha-1(p1152); kin-2(ce179) and cha-1(p1152) mutant 

animals (Figure 3-4E).  

Alternatively, but not mutually exclusively, M4 might activate isthmus peristalsis by releasing additional 

neurotransmitters. To test this possibility, we examined whether isthmus peristalsis rate is attenuated in unc-31 and 

unc-13 null mutants. Neurotransmitters are secreted from neurons through two types of vesicles, synaptic vesicles and 

dense core vesicles. Classical neurotransmitters such as GABA, acetylcholine and glutamate are packaged in synaptic 

vesicles whereas dense core vesicles contain neuropeptides and monoamines. unc-13 and unc-31 null mutations 

selectively yet completely block exocytosis of synaptic vesicles and dense core vesicles, respectively (Richmond et al., 

2001; Zhou et al., 2007). The unc-13 result was not informative. Although unc-13 did not decrease isthmus peristalsis 

rate in presence of serotonin, isthmus peristalsis in the unc-13 mutant was not affected by serotonin (data not shown). 
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In contrast, the unc-31 null mutation substantially attenuated isthmus peristalsis in response to serotonin (Figure 3-4F), 

suggesting that the neuromodulators packaged in dense core vesicles control isthmus peristalsis rate.  

Next, we tested if G12α signaling activates isthmus peristalsis by releasing dense core vesicles. As expected, an unc-

31 null mutation completely suppressed the increased isthmus peristalsis rate in the transgenics expressing 

constitutively active GPA-12 in cholinergic neurons (Figure 3-4G). Since SER-7 and G12α signaling act in M4, we 

asked if dense core vesicles released from M4 are responsible for activating isthmus peristalsis. However, pser-

7b::unc-31(+) failed to restore isthmus peristalsis rate in the unc-31 mutant (Figure 3-4H), suggesting that UNC-31 

acts in the cells that are regulated by M4 or in cells that act in parallel with M4. Considering that M4 synapses directly 

onto the isthmus muscle, it is likely that UNC-31 acts in a parallel pathway (Figure 3-5B).  

Together, these data imply that both releases of acetylcholine and dense core vesicles contribute to activating isthmus 

peristalsis. The release of acetylcholine is activated by the Gsα signaling pathway but the site of action is unidentified. 

Which neurotransmitter M4 uses to activate isthmus peristalsis in response to serotonin is unclear, but dense core 

vesicle release from unknown cell(s) is essential in addition to the activation by M4.  
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DISCUSSION 

Here we show that serotonin activates the two feeding motions in C. elegans, pharyngeal pumping and isthmus 

peristalsis. Like food, serotonin separately activates pumping and isthmus peristalsis mainly by activating SER-7 

serotonin receptor in MC and M4 (and possibly M2), respectively. Activated SER-7 in MC and M4 activates 

neurotransmission mainly by activating Gsα and G12α signaling pathways, respectively in a cell-autonomous manner 

(Figure 3-5A and B). The cholinergic transmission from MC to the pharyngeal muscles is the major trigger to activate 

pharyngeal pumping (Figure 3-5A). In contrast, activation of isthmus peristalsis may require more than activation of 

M4 (Figure 3-5B). Restoring SER-7 or activating G12α in M4 fully restored isthmus peristalsis rate in the mutants lack 

of ser-7, supporting that M4 is the major neuron by which serotonin activates isthmus peristalsis. However, restoring 

UNC-31 (required for serotonin-stimulated isthmus peristalsis) in M4 failed to restore isthmus peristalsis in the unc-31 

null mutant. Although it is still possible that M4 stimulates isthmus peristalsis by releasing dense core vesicles, the 

result suggests that activating isthmus peristalsis requires dense core vesicle release from unidentified cells in addition 

to M4 activation. Considering SER-7 mainly acts in M4 to activate isthmus peristalsis in response to serotonin, it is 

possible that secretion of dense core vesicles from the unidentified cells may be constitutively active rather than being 
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triggered by serotonin. The Gsα pathway, which contributes to the stimulation of isthmus peristalsis via cholinergic 

transmission (Figure 3-5B), may cell-autonomously act as a downstream of SER-7 in M4 in parallel with the G12α  

pathway but the possibility has not been tested (Figure 3-5C). 

Our discovery that serotonin activates MC and M4 by activating Gsα and G12α signaling pathways, together with 

previous studies (McMullan et al., 2006; Reynolds et al., 2005), suggests that the mechanism by which G protein 

signaling pathways increase neuronal activity is widely conserved throughout the nervous system in C. elegans.  

How do Gsα and G12α signaling cascades activate neurotransmission? Several studies (Aravamudan and Broadie, 

2003; McMullan et al., 2006; Reynolds et al., 2005) suggested that PKA and diacylglycerol, downstream of Gsα and 

G12α signaling cascades (Jose and Koelle, 2005), enhance synaptic efficacy by increasing the abundance of UNC-13 at 

the neuromuscular junction. UNC-13 is a primary determinant of synaptic vesicle priming and neurotransmitter release 

probability. However, several observations suggest that Gsα signaling in MC may activate pumping by a different 

mechanism that increases the firing rate (Raizen and Avery, 1994). An MC-dependent depolarization of pharyngeal 

muscle precedes every pump during normal fast pumping. Additionally, incubation of the pharynx with nicotine, an 

agonist of the nicotinic acetylcholine receptor, increased the duration but not frequency of pharyngeal contractions, 
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suggesting that MC increases the pumping rate by increasing its firing rate. To increase pumping rate in response to 

serotonin, Gsα signaling may increase the firing rate of MC by modulation of ion channel activity. In fact, we observed 

that a null mutation of shl-1, a voltage-gated A type potassium channel (Fawcett et al., 2006), dramatically increased 

pharyngeal pumping (data not shown). The inhibition of mammalian voltage-gated A type potassium channels by PKA 

(Schrader et al., 2002) and the expression of shl-1 in MC (Fawcett et al., 2006) suggest the possibility that Gsα 

signaling may stimulate pharyngeal pumping by inhibiting SHL-1. Another interesting question to be solved is why 

SER-7 in MC and M4 activated the two neurons mainly by activating two distinct G protein signaling cascades. It may 

be because components of G12α are not expressed in MC. It is notable that expression of constitutively active RHO-1 in 

cholinergic neurons did not alter pharyngeal pumping rate (Figure 3-3C). 

We also found that, despite their separate neuronal regulation, isthmus peristalsis was coupled to the preceding 

pump. How are the two feeding motions coupled? A previous calcium imaging study reported that an anterior-to-

posterior calcium wave travels in the posterior isthmus selectively during isthmus peristalsis (Shimozono et al., 2004), 

suggesting that the calcium wave dictates the muscle contraction. When a pump occurs, the electrical signal that excites 

the pharyngeal muscles to elicit pumping travels from the corpus to the terminal bulb (Raizen and Avery, 1994; 
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Shimozono et al., 2004). The observations that M4 killing results in failure of isthmus peristalsis (Avery and Horvitz, 

1987) and that peristalsis requires pumping suggest that induction of the calcium wave that causes peristalsis requires 

both muscle excitation during pumping and stimulation by M4 (Figure 3-5B and C). This model explains how the 

feeding motions can be separately regulated yet coupled.  

The pharynx may have evolved to regulate feeding motions in this way to support efficient feeding. Separate 

regulation of the two feeding rates allows worms to adjust the ratio of isthmus peristalsis to pharyngeal pumping (IP-to-

PP-ratio) according to the density of food. When food is scarce, the IP-to-PP-ratio would decrease because worms need 

to take in food as actively as possible, but they do not need to swallow frequently. When food is abundant, however, 

the ratio would increase because worms do not need to work so hard to take in food, but they need to swallow 

frequently so that the anterior pharynx does not become full. In fact, we observed that the average IP-to-PP-ratio tends 

to be higher when the pharynx pumps slowly (Figure 3-1C). Furthermore, the regulators of feeding that we found can 

be classified into two groups: The first group, such as components of the Gsα or dgk-1 signaling pathways increases 

both feeding rates when activated or inhibited. The second group, such as pkc-1 (data not shown) and unc-31 (Figure 
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3-4F), decreased isthmus peristalsis but increased pharyngeal pumping when suppressed. To adjust the IP-to-PP-ratio 

according to food density, activity of the second group may be selectively suppressed when food is scarce.  

The coupling of the two feeding motions also supports efficient feeding by coordinating them. Food accumulated by 

pumping is transported from the anterior isthmus to the grinder in the terminal bulb by isthmus peristalsis. Thus, 

isthmus peristalsis would be futile in absence of pumping and the coupling of isthmus peristalsis to the preceding pump 

may serve to prevent such futile feeding motions.  

Several interesting questions remain to be answered. For instance, by what mechanisms are the frequency and timing 

of onset of the feeding motions determined? How does a single isthmus muscle show two different feeding motions? 

Further studies to answer these questions may lead us to understand how nervous system and muscle interact for 

sophisticated regulation of muscle motions.  
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Figure 3-1. Serotonin activates both pharyngeal pumping and isthmus peristalsis. SER-7 in MC and M4 (and 

possibly M2) separately activates pumping and isthmus peristalsis, respectively. Despite separate regulation, 

isthmus peristalsis is coupled to the preceding pump. (A-B) Isthmus peristalsis(IP) was selectively coupled to the 

preceding (A) but not to the following (B) pharyngeal pump (PP) in wild type worms. Each filled circle indicates the 

interval between isthmus peristalsis and the indicated pump in one worm. *** P<0.001; Spearman’s correlation test, 

n.s. indicates not significant (P≥0.05), data shown as the mean ± standard deviation (C-D) Serotonin activated both 

pumping and isthmus peristalsis. (C) A scatter plot of feeding rates of wild type(wt) with or without serotonin 

treatment. Each dot represents one worm. Thus, the x and y values of each dot indicate pumping rate and isthmus 

peristalsis rate, respectively, of one worm. (D) For simplicity, we transformed scatter plots into ellipse plots. The 

central dot is plotted at the mean pumping and isthmus peristalsis rate for each tested strain. The large ellipse, a plot of 

root-mean-square deviation from the mean, shows the extent of variation from animal to animal. The width of the 

ellipse is  times the standard deviation of pumping rate, the height is  times the standard deviation of isthmus 

peristalsis rate, and narrowness or breadth is related to correlation. For normally distributed data, 63% of data points 

would be within the ellipse. The small ellipse similarly shows the likely range of the mean. (E) The ser-7(tm1325) null 
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mutant was defective in activating pharyngeal pumping in response to serotonin. (F) The ser-7 null mutation decreased 

isthmus peristalsis rate in the gsa-1(ce81) gain of function mutant in response to serotonin. (G-I) SER-7 in MC cell-

autonomously activates pharyngeal pumping in response to serotonin. (G-H) Expression of ser-7 cDNA using the flp-

21 promoter(G) or the flp-2 promoter(H) fully restored pumping in the ser-7 null mutant in response to serotonin. The 

pflp-2::ser-7(+) only partly restored isthmus peristalsis rate (H). This might be because the flp-2 promoter drives a 

weak and occasional expression in M4 (Kim and Li, 2004). (I) Expression of ser-7 cDNA using the ser-7 promoter 

increased isthmus peristalsis rate but not pumping rate in the ser-7 null mutant in response to serotonin. (J) The eat-

2(ad465) null mutation that specifically blocks cholinergic transmission from MC to pharyngeal muscles suppressed 

the rescue effect of pflp-21::ser-7(+) in the ser-7 mutant in response to serotonin. Pharyngeal pumping rate was lower 

in eat-2(ad465); ser-7(tm1325) than in eat-2(ad465) or ser-7(tm1325) (Figure 4-3c). These data suggest that 

acetylcholine marginally activates pumping in an eat-2-independent manner and that there is residual acetylcholine 

release in absence of SER-7 in response to serotonin. (K) SER-7 acts mainly in M4 to stimulate isthmus peristalsis in 

response to serotonin. (L) Both feeding rates of the ser-7 null mutant decreased to 75% of wild type animals in 

response to familiar bacteria, a physiologically relevant stimulant of feeding. (M) As seen in response to serotonin, 
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expression of ser-7 cDNA from the flp-21 promoter fully restored pumping in the ser-7 null mutant in response to 

familiar bacteria. (N) Expression of ser-7 cDNA in M4 fully restored isthmus peristalsis rate in the ser-7 null mutant 

with a small effect on pharyngeal pumping in response to familiar bacteria. *** P<0.001 ** P<0.01 n.s. not significant 

(P>0.05); unpaired t test (two-tailed test) was used for comparison of pumping rates and the level of significance is 

indicated by green asterisks, isthmus peristalsis rates were compared as described in methods and the level of 

significance is indicated by asterisks in pink, # Comparison of isthmus peristalsis rates was infeasible due to lack of 

overlap in pumping rates between the two samples compared. The number of animals tested (n≥3 independent 

experiments per each group) is shown in parentheses. For the comparisons with the transgenics expressing rescue 

constructs, transgenic animals expressing only co-injection marker(s) were used as controls. 
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Figure 3-2. SER-7 activates pharyngeal pumping by activating the Gsα  signaling pathway in response to 

serotonin. Activation of Gsα  signaling has a small effect in activating isthmus peristalsis. (A) Schematic of the 

Gsα signaling pathway in C. elegans. (B) The constitutively active gsa-1(ce81) mutation activated pumping as 

effectively as serotonin did. (C) Activation of adenylyl cyclases by forskolin treatment activated pumping as effectively 

as serotonin did. (D) ce179, a hypomorphic allele of kin-2, increased both feeding rates in response to serotonin. (E) 

The gsa-1(pk75) null mutation completely suppressed the serotonin-stimulated pharyngeal pumping. Expression of 

gsa-1 using the flp-21 promoter fully restored the pumping rate in the gsa-1(pk75) null mutant in response to serotonin. 

(F) An acy-1(pk1279) null mutation attenuated pumping in response to serotonin. (G-H) Forskolin (G) and ce179 (H), a 

hypomorphic allele of kin-2, increased pumping in the gsa-1(pk75) null mutant in response to serotonin. (I-J) 

Activation of Gsα signaling by constitutively active gsa-1(ce81) (I) or by forskolin treatment(J) fully restored pumping 

in the ser-7(tm1325) null mutant in response to serotonin. (K) Acute expression of constitutively active GSA-1(Q227L) 

using heat shock was sufficient to activate pharyngeal pumping, but not isthmus peristalsis in absence of serotonin. (L) 

Acute expression of constitutively active GSA-1(Q227L) using heat shock activated both feeding motions in response 

to serotonin. (M) The gsa-1(pk75) null mutation failed to suppress serotonin-stimulated isthmus peristalsis. (N) The 
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constitutively active acy-1(ce2) mutation activated isthmus peristalsis but not pumping in the absence of serotonin. *** 

P<0.001 * P<0.05 n.s. not significant (P>0.05) ; The unpaired t test (two-tailed test) was used for comparison of 

pumping rates and the difference indicated in green, isthmus peristalsis rates were compared as described in methods 

and the level of significance is indicated by asterisks in pink, # Comparison of isthmus peristalsis rates was infeasible 

due to lack of overlap in pumping rates between the two samples compared. The number of animals tested (n≥3 

independent assays per each group) is shown in parenthesis. 
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Figure 3-3. SER-7 activates isthmus peristalsis by activating G12α  signaling in M4. (A) Schematic of the G12α 

signaling pathway in C. elegans.  (B-C) Expression of constitutively gpa-12(Q205L)(B) or constitutively active rho-

1(G14V)(C) in cholinergic neurons was sufficient to activate isthmus peristalsis in the absence of serotonin. (C) The 

F25N mutation completely suppressed the increase in isthmus peristalsis rate caused by the constitutively active rho-

1(G14V) mutation. (D) The dgk-1(sy428) null mutation increased both feeding rates in response to serotonin. (E-F) The 

G12α and Gsα signaling pathways act redundantly to activate isthmus peristalsis in response to serotonin. The gsa-

1(pk75); gpa-12(pk322) double null mutations(F), but not the gpa-12(pk322) single null mutation(E), decreased 

isthmus peristalsis in response to serotonin. (G) dgk-1(sy428) fully restored isthmus peristalsis rate in the transgenic 

animals expressing rho-1(F25NG14V) in cholinergic neurons to the level of the transgenics expressing rho-1(G14V) in 

response to serotonin. (H) Expression of constitutively active rho-1(G14V) in M4(M2) fully restored isthmus peristalsis 

in gsa-1(ce81);ser-7(tm1325) in response to serotonin. The number of animals tested (n≥3 independent assays per each 

group) is shown in parenthesis. *** P<0.001 * P<0.05 n.s. not significant (P>0.05) ; unpaired t test (two-tailed test) was 

used for comparison of pharyngeal pumping rates and the difference was marked in green, isthmus peristalsis rates 

were compared as described in methods and the level of significance is indicated by asterisks in pink, the number of 
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animals tested (n≥3 independent assays per each group) is shown in parenthesis. For the comparisons with the 

transgenics expressing rescue constructs, the transgenic animals expressing only co-injection marker(s) were used as 

controls. 
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Figure 3-4. Gsα  signaling increased pumping by activating acetylcholine transmission from MC to the 

pharyngeal muscles. Gsα  signaling and G12α  signaling increased isthmus peristalsis by causing the releases of 

acetylcholine and dense core vesicle, respectively. (A-B) The hypomorphic cha-1(p1152) mutation attenuated 

pumping in response to serotonin (A) or forskolin (B). (C-D) The eat-2(ad465) null mutation suppressed the increase in 

pumping induced by serotonin (C) or by forskolin (D). (E) cha-1(p1152) attenuated the kin-2(ce179)-stimulated 

isthmus peristalsis. (F) The unc-31(e928) null mutation attenuated isthmus peristalsis rate in response to serotonin. (G) 

The unc-31(e928) null mutation completely suppressed the cholinergic GPA-12(Q205L)-stimulated isthmus peristalsis. 

(H) Expression of unc-31 cDNA in M4 failed to restore isthmus peristalsis rate in the unc-31(e928) mutant. The 

number of animals tested (n≥3 independent assays per each group) is shown in parenthesis. *** P<0.001 ** P<0.01  

n.s. not significant (P>0.05); unpaired t test (two-tailed test) was used for comparison of pharyngeal pumping rates and 

the difference was marked in green, isthmus peristalsis rates were compared as described in methods and the level of 

significance is indicated by asterisks in pink, the number of animals tested (n≥3 independent assays per each group) is 

shown in parenthesis. For the comparisons with the transgenics expressing rescue constructs, the transgenic animals 

expressing only co-injection marker(s) were used as controls. 
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Figure 3-5. Model of regulation of feeding by serotonin. (A) In response to serotonin, SER-7 in MC cell-

autonomously activates its downstream Gsα signaling pathway, which subsequently stimulates pharyngeal pumping by 

activating cholinergic transmission from MC to the pharyngeal muscles. (B) In response to serotonin, SER-7 in M4 

(and possibly in M2) activates its downstream G12α pathways in a cell autonomous manner, which subsequently 

activates M4. The stimulus from active M4, along with dense core vesicle release that is caused by an unidentified 

pathway, activates isthmus peristalsis. Gsα signaling pathway and its downstream cholinergic transmission also 

contribute to activating isthmus peristalsis but their action sites have not been characterized. Given that expression of 

SER-7 in M4 fully restored isthmus peristalsis rate in the ser-7 null mutant, it is plausible that release of dense core 

vesicles from  the unidentified cells are constitutively active rather than triggered by serotonin. (C) Stimuli from an 

active M4 neuron and from the anterior part of the pharynx, excited by pumping, are both required to activate isthmus 

peristalsis. In the absence of either stimulus, isthmus peristalsis does not occur. 
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Figure 3-6. Null mutations in serotonin receptors other than SER-7 have little or no effect in the feeding rates.
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Chapter 4  
Recognition of familiar activates feeding via an 
endocrine serotonin signaling in C. elegans 

 

ABSTRACT 

Familiarity discrimination allows animals to respond appropriately to previously 

encountered stimuli by altering behavior. It is poorly understood by which 

mechanisms the recognition memory alters behavior. Here, we show that the 

nematode C. elegans is capable of familiarity discrimination. Worms form a 

memory of particular bacteria after experience and display behavioral plasticity, 

increasing the feeding response when they subsequently recognize the familiar 

bacteria. Using this behavior, we identified a neural pathway that is activated by 

recognition of familiar bacteria and delineated the mechanism by which the 

pathway increases the feeding response. Recognition of familiar food increases 

serotonin release from the pair of ADF chemosensory neurons. The released 

serotonin acts humorally and directly activates SER-7, a type 7 serotonin receptor, 

in MC (and possibly M4) motor neurons in the feeding organ whose activation 

increases the feeding response. Our study provides insight into the mechanism by 

which familiarity discrimination alters behavior. 
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INTRODUCTION 

 Recognition is the ability to identify and to judge a recently encountered 

item as having been presented previously (Brown and Aggleton, 2001). The 

ability allows animals to respond to previously encountered stimuli with an 

altered behavioral output that is beneficial for their survival. One of the 

recognition memories that elicits such behavioral plasticity is familiarity 

discrimination, knowledge of prior occurrence without memory of a specific 

episode (Brown and Aggleton, 2001). Although familiarity discrimination (Barker 

et al., 2006; Brown and Aggleton, 2001; Seoane et al., 2009; Uslaner et al.) and 

subsequent behavioral plasticity (Kandel and Schwartz, 1982; Kravitz, 1988) has 

been extensively studied, the mechanism by which the recognition memory 

controls behavioral plasticity is poorly understood. 

 Familiarity discrimination and subsequent behavioral plasticity require 

multiple biologically important neural computations such as learning and 

memory. Although recognition memory including familiarity discrimination has 

been mostly studied in higher vertebrate models and in humans, the complexity of 

the nervous system and the long generation time of vertebrates call for a simple 

animal model, from which we can learn the principles of neural computation and 

molecular mechanisms underlying familiarity discrimination and its control of 

subsequent behavioral plasticity. With its simple nervous system and our 
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unparalleled knowledge of its neuronal wiring, combined with powerful genetics 

and imaging techniques in a transparent animal (Schafer, 2005), the nematode C. 

elegans would be an attractive model system for analyses of this challenging 

problem. Here, we suggest that C. elegans is a proper model for familiarity 

discrimination and its control of subsequent behavioral plasticity by showing that 

a mere exposure to a nonpathogenic bacterium alters feeding behavior selectively 

in response to that particular bacterium in later encounter. Using the behavioral 

pattern that we identified, we uncover the mechanism by which familiarity 

discrimination alters the feeding behavior. 

RESULTS 

Recognition of familiar bacteria increases the feeding response 

in C. elegans. 

 To test if C. elegans can discriminate familiarity, we tested if familiarity of 

food alters its feeding response. For this assay, we trained wild-type animals to 

develop familiarity either to Escherichia coli HB101 (H) or to Pseudomonas 

DA1878 (D) by exposing the animals to one or the other bacterium from the first 

larval stage (L1) until adulthood (Figure 4-1a). HB101 and DA1878 were chosen 

because these bacterial strains support the growth of C. elegans at a similar rate 

and show no obvious signs of pathogenicity (see C elegans killing assay in 

Chapter 2 for details). Once the animals reached adulthood, we compared feeding 
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rates on previously experienced bacteria (HH and DD groups) to feeding rates on 

novel bacteria (DH and HD groups) (Figure 4-1a; see Feeding assay and 

Statistical analysis in Chapter 2 for details). We found that the feeding rates of the 

animals on familiar bacteria were significantly higher than the rates on novel 

bacteria, regardless of bacterial type (Figure 4-1b and c). The increased feeding 

rates on familiar food compared to the rates on novel food persisted 7-8hrs after 

the training was over (Figure 4-1d and e). The data imply that C. elegans forms a 

recognition memory of bacteria after experience, which allows the worms to 

discriminate familiar bacteria from novel bacteria, and that the recognition of 

familiar bacteria increases the feeding response. 

 

Recognition of familiar food increases the feeding response by 

activating serotonin signaling via SER-7. 

The neurotransmitter serotonin increases feeding in C. elegans (Avery and 

Horvitz, 1990; Croll, 1975; Horvitz et al., 1982) and serotonin has long been 

suggested to be a food signal in C. elegans (Horvitz et al., 1982). However, the 

serotonin effect on feeding was tested only on familiar bacteria; thus it is 

unknown if the serotonin feeding signaling is activated by novel bacteria. We thus 

hypothesized that recognition of familiar bacteria might increase the feeding 

response by activating serotonin signaling. To test our hypothesis, we tested if a 
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tph-1 null mutation suppresses the difference in the feeding rates between animals 

on familiar bacteria and novel bacteria. tph-1 encodes a tryptophan hydroxylase 

required for serotonin biosynthesis (Sze et al., 2000). We found no difference in 

the feeding rates between the tph-1 null mutant animals on familiar bacteria and 

novel bacteria (Figure 4-2a and 2b), suggesting that recognition of familiar 

bacteria indeed increased feeding rate by activating serotonin signaling. To find 

out which serotonin receptors mediate the serotonin action on feeding, we 

compared the feeding rates between wild-type and serotonin receptor null mutants 

in response to serotonin. Consistent with the previous report that serotonin 

activates feeding via a type 7 serotonin receptor SER-7 (Hobson et al., 2006), 

only the ser-7 null mutant failed to activate feeding in response to serotonin 

(Figure 4-6). Only a small difference was found between feeding rates in the tph-1 

single null mutant and the ser-7 single null mutant and no difference was found 

between the feeding rates in the tph-1 single null mutant and the tph-1; ser-7 

double null mutant in response to familiar bacteria, suggesting that serotonin 

increases feeding via SER-7 in response to familiar food (Figure 4-3a). Since 

SER-7 is the major receptor to mediate the serotonin action, we initially expected 

no difference between feeding rates of the ser-7 null mutant on familiar food and 

novel food like the tph-1 null mutant. However, the feeding rate of the ser-7 

mutant was lower on familiar food than the rate on novel food (Figure 4-7a and 

b). Serotonin also suppressed feeding in the ser-7 mutant (Figure 4-2e). Thus we 
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hypothesized that there is also an inhibitory serotonin signal that is more active on 

familiar food. Indeed, we found that null mutations in ser-4, a type 1 serotonin 

receptor (Olde and McCombie, 1997), and mod-1, serotonin gated Cl- channel 

(Ranganathan et al., 2000), completely relieved the suppression of feeding by 

serotonin in the ser-7 mutant (Figure 4-2e), suggesting that serotonin inhibited 

feeding by acting on SER-4 and MOD-1. Furthermore, the feeding rates of the 

ser-4; mod-1; ser-7 triple null mutant on familiar food were not different from the 

rates of the ser-7 single null mutant and the ser-4; mod-1; ser-7 triple null mutant 

on novel food (Figure 4-2c and d and Figure 4-7c and d), suggesting that the 

inhibitory serotonin signal is active only on familiar food. This explains why the 

difference in feeding rates between wild-type and the ser-7 null mutant on 

familiar food was even larger and more easily measured than the simple effect of 

familiarity in wild-type worms (Figure 4-1d and e and Figure 4-7a and b).  

We then tested if serotonin feeding signaling via SER-7 gets activated by 

recognition of familiar food by comparing the differences between feeding rates 

of wild-type and the ser-7 null mutant animals (the SER-7 effect) on familiar food 

with the differences on novel food (see Figure 4-7e and Chapter 2 for details). 

Any feeding rate difference between wild-type and the ser-7 mutant animals 

indicates active serotonin signaling via SER-7 because ser-7 specifically affects 

serotonergic signaling, with some contribution from basal activity of SER-7 in the 

absence of ligand, serotonin (Hobson et al., 2003) (Figure 4-7e). If serotonin 
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signaling is equally active on familiar food and novel food, we expect the SER-7 

effect to be similar on familiar food and novel food. However, on familiar food 

the SER-7 effect was far greater than on novel food (Figure 4-2f), suggesting that 

serotonin signaling via SER-7 is indeed more active on familiar food than novel 

food. We concluded that recognition of familiar food increases the feeding 

response mainly by activating serotonin signaling via SER-7. 

 

Serotonin from ADF chemosensory neurons directly activates 

the feeding circuit. 

 To gain insight into how serotonin signals familiar bacteria, we asked 

which serotonergic neurons regulated the feeding response. Serotonin is detected 

in 5 types of neurons in C. elegans hermaphrodites: NSM, ADF, HSN, RIH and 

AIM (Sze et al., 2000). RIH and AIM obtain serotonin by taking up extracellular 

serotonin (J. Y. Sze, personal communication) although they occasionally express 

tph-1, the essential enzyme for de novo synthesis of serotonin (Sze et al., 2000). 

HSN is unlikely to be necessary for the behavioral plasticity because feeding rates 

of males, which do not have HSN, were also greater on familiar food than the 

rates on novel food (Figure 4-8). We therefore hypothesized that either NSM or 

ADF uses serotonin to control feeding. The NSM neurons are a pair of secretory 

neurons located in the pharynx, whereas the ADF neurons are a pair of 
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chemosensory neurons located outside the pharynx (Sze et al., 2000) that have 

been suggested to sense bacteria (Bargmann CI, 1991b). We asked if serotonin 

either in ADF or in NSM regulates the feeding response by expressing tph-1 

cDNA in the tph-1 null mutant using either the srh-142 promoter or the ceh-2 

promoter. The srh-142 promoter drives expression specifically in ADF and the 

ceh-2 promoter drives expression in NSM and 3 additional neurons (Liang et al., 

2006). We found that restoring serotonin synthesis in ADF, but not in NSM, 

rescued the feeding response in the tph-1 mutant (Figure 4-3a), suggesting that 

ADF regulates feeding in response to familiar bacteria. Laser killing of ADF also 

decreased feeding on familiar food (Figure 4-3b)—the difference in feeding rates 

between ADF-minus and mock-operated animals (49.8 ± 7.4; feeding rates of 

ADF-minus and mock-operated animals were 199 ± 7.7 and 249 ± 3.5, 

respectively) was comparable to the difference in the feeding rates between tph-1 

and wild-type animals (58.4 ± 3.5; feeding rates of tph-1 and wild-type animals 

were 207.7 ± 1.9 and 266.1 ± 3.0, respectively), further supporting the idea that 

ADF regulates feeding in response to familiar bacteria.  

 In tph-1; Ex[ADF::tph-1(+)] animals, in which serotonin synthesis 

activity was restored only in ADF, serotonin was detected in other serotonergic 

neurons in addition to ADF (Figure 4-4b; see Immunohistochemistry in Chapter 2 

for details). This suggests that serotonin synthesized by ADF might act in either 

of two possible ways: it could activate SER-7 directly, or it could be taken up and 
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subsequently released by other serotonergic neurons. To distinguish between 

these possibilities, we compared the feeding rates of tph-1; Ex[ADF::tph-1(+)] 

animals with or without mod-5. MOD-5 is a serotonin transporter required to take 

up extracellular serotonin into some serotonergic neurons (Ranganathan et al., 

2001) (J. Y. Sze, personal communication). In mod-5; tph-1; Ex[ADF::tph-1(+)], 

serotonin was detected only in ADF (Figure 4-4d), suggesting that mod-5 loss 

blocks serotonin uptake into other cells. If serotonin synthesized by ADF acts 

through other serotonergic neurons, mod-5 loss should substantially decrease the 

feeding rate of tph-1; Ex[ADF::tph-1(+)]. However, we found that ADF could 

activate feeding as effectively in the absence of mod-5 as in its presence (Figure 

4-3a), suggesting that serotonin from ADF directly activates SER-7.  

 Next, we confirmed that ADF regulates feeding through SER-7. A ser-7 

null mutation suppressed the rescue effect of restoring serotonin in ADF in the 

tph-1 null mutant (Figure 4-3a). To understand how serotonin increases feeding at 

a neural circuit level, we asked where SER-7 acts. SER-7 is expressed mostly in 

pharyngeal neurons (Hobson et al., 2006), which regulate the motions of 

pharyngeal muscles (Avery and Horvitz, 1989). Among the pharyngeal neurons, 

MC is particularly interesting because it is essential for normal fast feeding on 

bacteria (Avery and Horvitz, 1989), and SER-7 was suggested to activate MC 

(Hobson et al., 2006). To ask if SER-7 acts in MC, we expressed SER-7 in the 

ser-7 null mutant using the flp-21 and the flp-2 promoters. The flp-21 and the flp-
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2 promoters drive expression in several neurons, and the expression patterns of 

the two promoters overlap only in MC and M4 (Kim and Li, 2004). We found that 

both pflp-21::SER-7 and pflp-2::SER-7 fully rescued the feeding rate in the ser-7 

mutant in response to familiar food as well as serotonin (Figure 4-3c and d). In 

contrast, expression of SER-7 in M4 and occasionally in M2 using the ser-7b 

promoter failed to alter the pumping rate in the ser-7 null mutant in response to 

serotonin, suggesting that SER-7 in MC activates pharyngeal pumping. The 

failure in rescue is unlikely due to an insufficient expression because expression 

of the rescue construct significantly activated isthmus peristalsis, the other 

feeding motion in C. elegans (Figure 4-3c). To test whether SER-7 indeed acts 

through MC, we used an eat-2 null mutation to test if blocking neurotransmission 

from MC suppresses the rescue effect of pflp-21::SER-7 in the ser-7 mutant. eat-2 

encodes a nicotinic acetylcholine receptor subunit specifically localized in the 

pharyngeal muscles postsynaptic to MC (McKay et al., 2004). Thus, an eat-2 null 

mutation selectively blocks acetylcholine transmission from MC to the 

pharyngeal muscles. We found that the eat-2 null mutation suppressed the rescue 

effect of pflp-21::ser-7(+) in response to serotonin (Figure 4-3c), supporting our 

hypothesis that SER-7 in MC increases the feeding response. In summary, we 

conclude that serotonin released from extrapharyngeal ADF increased feeding in 

response to familiar bacteria mainly by activating SER-7 in MC directly, which in 

turn activate cholinergic transmission from MC to the pharyngeal muscles. 
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Recognition of familiar bacteria increases serotonin release 

from ADF. 

 We next asked how ADF increases feeding response only on familiar 

bacteria. A simple explanation is that only familiar bacteria can activate ADF, and 

this activation causes increased serotonin release. Since direct measurement of 

serotonin release from ADF in response to food is infeasible, we developed a 

method to detect released serotonin indirectly by its uptake into other serotonergic 

neurons. As mentioned above, in tph-1; Ex[ADF::tph-1(+)] animals, serotonin 

signal is detected in other cells in addition to ADF (Fig. 4b; see 

immunohistochemistry in Chapter 2 for details). Since no serotonin was detected 

in the tph-1 null mutant animals (Figure 4-9a) and since the ADFs are the only 

cells capable of synthesizing serotonin in tph-1; Ex[ADF::tph-1(+)], all the 

serotonin in these animals must have been synthesized in ADF, and its appearance 

in other serotonergic neurons must have occurred after release from ADF and 

uptake into other neurons. In confirmation of this hypothesis, in mod-5; tph-1; 

Ex[ADF::tph-1(+)], serotonin is detected only in ADF (Figure 4-4c). Thus, the 

presence of serotonin in cells other than ADF in tph-1; Ex[ADF::tph-1(+)] 

animals is an indication of serotonin release from ADF. 
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 We thus tested if ADF releases more serotonin in response to familiar 

bacteria than novel bacteria by comparing the numbers of serotonin positive 

serotonin-uptaking cells in tph-1; Ex[ADF::tph-1(+)] animals on familiar bacteria 

and novel bacteria. As for the feeding assay, we  trained the animals on HB101 or 

DA1878 and tested them on HB101 or DA1878 after a 7hr interval (Figure 4-4a; 

see Immunohistochemistry in Chapter 2 for details). Consistent with our 

hypothesis, the increase in the number of serotonin positive serotonin-uptaking 

cells during the 1 hour incubation on familiar food was greater than the increase 

on novel food (Figure 4-4d; see Quantification of serotonin positive neurons in 

Chapter 2 for details), suggesting that ADF releases more serotonin in response to 

familiar food than novel food. We conclude that recognition of familiar food 

increases serotonin release in ADF, which in turn increases the feeding response. 

 

DISCUSSION 

Here, we show that C. elegans discriminates familiar food from novel 

food and that recognition of familiar food stimulates feeding. Using this response, 

we uncover a mechanism by which familiarity discrimination alters behavior. 

When a previously encountered bacterium is sensed, chemosensory neurons ADF 

in the head increase serotonin release. The released serotonin, acting humorally, 

directly activates the serotonin receptor SER-7 in MC (and possibly in M4) 
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pharyngeal motor neurons, whose activation increases the feeding rate via 

cholinergic transmission from MC to the pharyngeal muscles (Figure 4-5).  

 Our result that serotonin transmission from ADF chemosensory neurons 

increases in response to familiar food suggests that ADF is activated by 

recognition of familiar food. Because the neural computation for recognizing 

familiar food should occur before serotonin in ADF is released, the neurons 

involved in the computation should be ADFs, or potentially other neurons 

regulating ADF. That ADFs are amphid neurons, which sense environmental 

stimuli (Bargmann CI, 1991a, b), and that they are connected by chemical 

synapses and gap junctions to neurons involved in learning and memory (Kuhara 

and Mori, 2006; Stetak et al., 2009; White), also support the hypothesis that ADFs 

or the neurons that regulate their activity are involved in recognizing familiar 

food.  

Our finding that recognition of familiar food employs endocrine serotonin 

signaling to increase feeding suggests that serotonin may serve to control multiple 

behaviors and physiological adaptations such that C. elegans responds 

appropriately when familiar food is present. To test this possibility, it would be 

informative to study whether familiarity of food affects behaviors (Avery and 

Horvitz, 1990; Horvitz et al., 1982; Sawin et al., 2000; Sze et al., 2000) and 

various aspects of physiology (Liang et al., 2006; Petrascheck et al., 2007; 

Srinivasan et al., 2008) that are controlled by serotonin in response to food (e.g. 



85 

 

the systemic suppression of stress response that requires serotonin from ADF 

(Ranganathan et al., 2001). Further studies will be helpful to understand how 

recognition of familiar food contributes to survival in C. elegans.  

A previous study reported that C. elegans avoids the smell of pathogenic 

bacteria after experience (Zhang et al., 2005), and serotonin in ADF was 

suggested to be critical for this olfactory learning. This aversive change in 

olfactory preference is opposite in direction to the appetitive change in feeding 

behavior that we describe here. It would be interesting to understand how 

serotonin signaling from ADF and the physiological context are integrated to 

produce seemingly opposite experience dependent behaviors.  

Many questions remain to be answered to fully understand the mechanism 

underlying recognition of familiar bacteria. For instance, which sensory 

modalities are important for C. elegans to discriminate different bacteria—touch, 

taste, smell? Additional questions arise from the discovery that C. elegans retains 

the memory of familiar bacteria for at least 7 hours, a long time in the life of an 

animal that grows from hatching to adulthood in just 2 days. How is the memory 

encoded, maintained and retrieved? Forward and reverse genetics in C. elegans 

may be useful in finding answers to these questions.  
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Figure 4-1. Recognition of familiar food increases feeding response in C. 

elegans. The memory of familiar food lasts for at least 7 hrs. (a) Experimental 

design for the feeding assay. The periods during which animals were exposed to 

HB101, DA1878, and starvation are denoted blue, red, and white, respectively. 

Each condition is coded by two letters representing the training and test foods in 

order. H and D represent HB101 and DA1878. (b-c) Feeding rates of wild-type 

(+) worms on HB101 (b) and DA1878 (c) just after training the animals on one or 

the other bacterium. (d-e) Feeding rates of wild-type(+) worms on HB101 (d) and 

DA1878 (e) after a 7-8hr interval from training the animals on one or the other 

bacterium. Data shown as mean ± SEM, *** P<0.001, unpaired t-test and Mann-

Whitney U test (two-tailed). The number of animals tested (n≥3 independent 

assays per each group) is shown in parenthesis. 
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Figure 4-2. Recognition of familiar food increases the feeding response by 

activating serotonin signaling via SER-7. (a-b) Familiarity of food does not 

alter the feeding rates in tph-1(mg280). (c-d) Familiarity of food does not alter 

feeding rate in ser-4(ok512); mod-1(ok103); ser-7(tm1325). (e) Serotonin controls 

feeding positively via SER-7 and negatively via SER-4 and MOD-1. The feeding 

rate of the ser-4; mod-1; ser-7 triple null mutant is not altered by serotonin 

treatment. (f) Serotonin signaling via SER-7 that activates the feeding response is 

more active on familiar food than novel food. The y axis indicates the difference 

in the feeding rates between wild-type (+) and ser-7(tm1325) animals. Each value 

corresponds to the difference in the feeding rates between wild-type (+) and the 

ser-7 null mutant presented in Figure 4-7 a and b. Data shown as mean ± SEM, 

*** P<0.001; for Figure 4-2a-e, unpaired t-test and Mann-Whitney U test (two-

tailed) and for Figure 4-2f, Student’s t test (see Supplementary Methods for 

details), n.s., not significant (P≥0.05). The number of animals tested (n≥3 

independent assays per each group) is shown in parenthesis. 

 



90 

  



91 

 

Figure 4-3. Serotonin from ADF activates feeding in response to familiar 

food mainly by activating SER-7 in MC pharyngeal motor neurons directly. 

Active SER-7 in MC (and possibly in M4) acts mainly via cholinergic 

transmission from MC to the pharyngeal muscles. (a) tph-1 expression in 

ADF, but not in NSM, restores feeding rate in the tph-1 null mutant. The rescue 

effect is suppressed by loss of ser-7, but not by loss of mod-5. # The feeding rate 

of the ser-7 single null mutant was significantly different from both the tph-1 

single null mutant (P< 0.01) and the tph-1; ser-7 double null mutant (P< 0.01). No 

difference was found in feeding rates between the tph-1 single null mutant and the 

tph-1; ser-7 double null mutant. (b) ADF-minus animals feed significantly less in 

response to familiar food. (c) Expression of ser-7 cDNA driven either by the flp-2 

promoter or by the flp-21 promoter but not by the ser-7b promoter fully restored 

the feeding rate in the ser-7 null mutant in response to serotonin. The rescue 

effect was suppressed by blocking acetylcholine transmission from MC to the 

pharyngeal muscles. Pharyngeal pumping rate was lower in the eat-2;ser-7 double 

null mutant than the eat-2 single null mutant (P< 0.001) and the ser-7 single null 

mutant (P=0.0023). The difference suggests that acetylcholine marginally 

activates pumping in an EAT-2-independent manner and that there is residual 

acetylcholine release in absence of SER-7 in response to serotonin. No difference 

in feeding rates was found between the eat-2; ser-7 mutant expressing pflp-

21::gfp and the mutant expressing pflp-21::ser-7 cDNA. (d) Expression of ser-7 
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cDNA driven either by the flp-2 promoter or by the flp-21 promoter fully restored 

the feeding rate in the ser-7 null mutant in response to familiar food. Expression 

of ser-7 cDNA in M4 (and occasionally in M2) driven by the ser-7b promoter 

also increased the feeding rate, but the effect was relatively small. Data shown as 

mean ± SEM, *** P<0.001; unpaired t-test and Mann-Whitney U test (two-tailed) 

n.s., not significant (P≥0.05). The number of animals tested (n≥3 independent 

assays per each group) is shown at each bar.  
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Figure 4-4. ADF serotonergic neurons release more serotonin in response to 

familiar food than novel food. (a) Schematic of experimental design for anti-

serotonin staining. Coding is as in Figure 4-1a. (b-c) Serotonin immunoreactivity 

in tph-1; Is[ptph-1::gfp]; Ex[ADF::tph-1(+)::gfp] (b) and in mod-5; tph-1; 

Is[ptph-1::gfp]; Ex[ADF::tph-1(+)::gfp], the paired control animals defective in 

serotonin uptake (c). The Is[ptph-1::gfp] allows the identification of NSM and 

ADF by GFP expression. Filled arrowheads and open arrowheads indicate ADFs 

and serotonin-uptaking cells, respectively. The serotonin signals not marked by 

arrowheads are neuronal processes. (d) Increase in the average number of 

serotonin positive serotonin-uptaking cells during the 1 hour refeeding on familiar 

or novel food in tph-1; Is[ptph-1::gfp]; Ex[ADF::tph-1(+)::gfp] and in mod-5; 

tph-1; Is[ptph-1::gfp]; Ex[ADF::tph-1(+)::gfp](see Immunohistochemistry and 

Quantification of serotonin positive neurons in Chapter 2 for details). Data shown 

as mean ± SEM. The baselines, the average numbers of serotonin positive AIMs 

and RIH in the animals trained on HB101 and DA1878 after starvation, were 

2.06±0.07 and 1.99±0.05, respectively. The number of animals examined (n=3 

independent assays per each group) is shown under each bar.  
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Figure 4-5. Model of activation of the feeding response by recognition of 

familiar food in C. elegans. (SER-7 in M4 may also contribute to the increased 

feeding in response to familiar food.) 
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Figure 4-6. Serotonin increases feeding mainly by acting on SER-7 serotonin 

receptor. Among 5 serotonin receptor null mutants, only ser-7(tm1325) failed to 

activate feeding in response to serotonin. *** P<0.001; unpaired t-test and Mann-

Whitney U test (two-tailed); n.s., not significant (P≥0.05). The number of animals 

tested (n≥2 independent assays per each group) is shown in parentheses. 
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Figure 4-7. Feeding rates of wild-type, ser-7 single, ser-4;mod-1;ser-7 triple 

null mutant on HB101 and DA1878 and model of feeding regulation by 

serotonin. a-b. Feeding rates of wild-type(+) and ser-7(tm1325) on HB101 (a) 

and DA1878 (b) after a 7-8hr interval from training the animals on one or the 

other bacterium. Wild-type worms feed more quickly on familiar food than novel 

food. On novel food the feeding rate of wild-type is slightly higher than that of the 

ser-7 null mutant. The difference may be due to constitutive activity of SER-7; 

i.e., SER-7 is active to some extent even in absence of its ligand, serotonin 

(Hobson et al., 2003). c-d. Feeding rates of ser-4(ok512); mod-1(ok103); ser-

7(tm1325) and ser-7(tm1325) on HB101 (c) and DA1878 (d) after a 7-8hr interval 

from training the animals on one or the other bacterium. The feeding rate of the 

ser-7 null mutant on familiar food is lower than the rate on novel food because 

there is still inhibitory serotonin signal via SER-4 and MOD-1. Like the positive 

SER-7-mediated signal, the inhibitory SER-4- and MOD-1-mediated serotonin 

signaling is more active on familiar food than novel food, but it decreases the 

feeding rate. a-d. Data shown as mean ± SEM, *** P<0.001; unpaired t-test and 

Mann-Whitney U test (two-tailed), The number of animals tested (n≥3 

independent assays per group) is shown in parentheses. e. A simple linear model 

explaining how different serotonin receptors might contribute to the regulation of 

pumping on familiar food and on novel food. There are three effects: B: basal 

activity of SER-7, S: serotonin-stimulated activity of SER-7, and -I: serotonin-
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stimulated activity of inhibitory serotonin receptors SER-4 and MOD-1. The net 

effect of serotonin on wild-type(+) pumping is S+B–I; the net effect on pumping 

in a mutant lacking SER-7 is –I. While it is presented as an aid to thinking about 

the results, none of the results presented in the paper depend on this model. Figure 

4-2f, in particular, is a direct measurement of the effect of SER-7 under differing 

conditions, calculated as the difference in feeding rates between wild-type(+) and 

the ser-7 null mutant worms. A change in this number suggests the action of 

serotonin via SER-7. We use this as the measure of serotonin action via SER-7 

because it is model-independent and robust. 

 

 

Figure 4-8. Male worms discriminate familiar food from novel food.  

a-b Feeding rates of wild-type(+) male worms on HB101 (b) and DA1878 (c) 

after a 7-8hr interval from training the animals on one or the other bacterium. 

Unpaired t-test and Mann-Whitney U test (two-tailed), The number of animals 
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tested (n≥3 independent assays per each group) is shown in parentheses above 

each bar. 

 

 

Figure 4-9. Serotonin immunoreactivity in tph-1 single and mod-1; tph-1 

double null mutants. a-b. No serotonin signal was detected in the tph-

1(mg280);Is[ptph-1::gfp] (a) and in the mod-5(n3314);tph-1(mg280);Is[ptph-

1::gfp] (b) mutant animals. Filled arrowheads indicate ADFs. The Is[ptph-1::gfp] 

allows the identification of NSM and ADF by GFP expression. 
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Chapter 5  

Conclusions and Recommendations 
 

SEROTONIN-INDUCED FEEDING 

 In this study, I dissected the local circuit that directly activates feeding 

motions. Like food, serotonin activated overall feeding by activating isthmus 

peristalsis as well as pharyngeal pumping. During active feeding, the timing of 

onset and the frequencies of the two feeding motions were distinct (isthmus 

peristalsis occurs every 3.4 pumps). Consistent with the differences, the activation 

of the two feeding motions is mainly controlled by two separate neural pathways. 

A 5-HT type 7 receptor SER-7 acts in two distinct types of neurons to separately 

control the two feeding motions in response to food as well as serotonin. 

Moreover, SER-7 activates the separate types of neurons mainly by activating two 

distinct G protein signaling pathways.  

 Despite the separate regulation, isthmus peristalsis was coupled to the 

preceding pharyngeal pump such that every isthmus peristalsis occurs ~150ms 

after the preceding pump. How then are the two feeding motions that are 

controlled by two separate neural pathways coupled? My work and a previous 

study suggest that triggering isthmus peristalsis requires stimulation of the 

posterior isthmus both by muscle excitation during the pump and by M4, the 

major neuron by which serotonin activates isthmus peristalsis (for details, see 
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Chapter 3 discussion). Thus we propose that because of the contribution of 

muscle excitation during the pump, only M4 firing that occurs within a certain 

time window from the preceding pharyngeal pump can trigger isthmus peristalsis, 

resulting in the coupling between the two muscle motions. This model can be 

tested in transgenic animals expressing channelrhodopsin or halorhodopsin in M4 

by asking the following questions: does activation or suppression of M4 activity 

control isthmus peristalsis as expected? If it does, does induction of isthmus 

peristalsis require both M4 activity and pharyngeal pumping? In the absence of 

the pumping activators (food or serotonin) worms pump slowly (< 1Hz) and 

hardly have any isthmus peristalsis, providing a good condition for testing the 

hypothesis. 

 

 A previous calcium imaging study on the pharyngeal muscles reported a 

that calcium wave occurs in the posterior isthmus selectively during isthmus 

peristalsis. To study the mechanisms underlying the coupling between the feeding 

motions, it would be informative to test if the calcium wave is essential to trigger 

isthmus peristalsis. This can be tested by testing whether injecting a calcium 

chelator into the isthmus muscle blocks serotonin-induced isthmus peristalsis. If 

the calcium wave in the posterior isthmus is essential, it would be informative to 

study whether the increased intracellular calcium level in other pharyngeal 

muscles during a pump contributes to triggering the calcium wave in the posterior 
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isthmus, assuming that isthmus peristalsis requires pharyngeal pumping. This may 

also be addressed by testing if injecting calcium chelator either in the corpus 

muscles or in the terminal bulb muscles blocks serotonin-induced isthmus 

peristalsis (see Figure 3-5 for details). It would be also informative to test if 

disruption of molecules that control intracellular calcium level affects the two 

feeding motions. I pursued this a little by testing if either itr-1 or unc-68 null 

mutations or thapsigargin treatment affected the frequency of isthmus peristalsis. 

itr-1 and unc-68 encode the C. elegans homologs of inositol trisphosphate 

receptor and ryanodine receptor, respectively. Thapsigargin is an inhibitor of 

SERCA (Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase). Inositol 

triphosphate receptor and ryanodine receptor increase intracellular calcium levels 

by releasing calcium ion from sarcoplasmic/endoplasmic reticulum to cytosol. In 

contrast, SERCA is a calcium ATPase that decreases intracellular calcium levels 

by pumping calcium from cytosol into sarco/endoplasmic reticulum. None of 

these attempts produced significant changes in isthmus peristalsis rate (data not 

shown), suggesting that the molecules play redundant roles if they control isthmus 

peristalsis. 

 

 

RECOGNITION OF FAMILIAR FOOD ACTIVATES FEEDING VIA AN 

ENDOCRINE SEROTONIN SIGNALING IN C. ELEGANS. 
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 In this study, I found the physiological context in which serotonin signal 

activates feeding by identifying a new behavioral pattern.  Experience of a food 

selectively causes active consumption of the particular food by triggering 

serotonin release from a pair of chemosensory neurons. The released serotonin 

acts as an endocrine signal that subsequently activates the local feeding circuit, 

which subsequently activates feeding.  

 

This finding suggests that worms discriminate familiar food from novel 

food and that familiarity of food affects feeding in C. elegans. Discrimination of 

familiar food shows that C. elegans can form a recognition memory of previously 

experienced food. Consistent with this, the behavioral plasticity was strongly 

dependent on duration of the feeding experience on particular bacteria (Figure 6-1 

and Figure 6-2) but neither on developmental timing of the exposure (Figure 6-2) 

nor on the nutritional status of worms (Figure 4-1). Furthermore, worms could 

remember the previously experienced food at least for several hours after the 

feeding experience.  

 

Familiar food-induced feeding is an attractive model to study perception 

of different bacteria, learning and memory because the behavior requires multiple 

neural processes such as sensing and learning particular bacteria upon exposure 

and recognizing familiar food in later encounters. It takes at least 9hr of exposure 
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to food for worms to remember the familiar food (Figure 6-1 and Figure 6-2). 

Searching for mutations that shorten the minimum memory acquisition time may 

provide insight into the process. Searching for mutations that lengthen the 

maximum memory retention time would be also informative to understand the 

mechanism underlying learning and memory required for the behavior. 

 

           My work provides insight into how the nervous system in the feeding 

organ operates to trigger food intake and how environmental input controls the 

feeding organ to control food intake. Given that killing MC and M4, the two 

motor neurons by which serotonin activates the feeding motions, completely 

blocks active pharyngeal pumping and isthmus peristalsis in response to food, it is 

tempting to speculate that various environmental and internal inputs that are 

sensed by C. elegans nervous system converge onto MC and M4 to control food 

intake. 
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Chapter 6  APPENDIX  
 

FAMILIAR FOOD-INDUCED FEEDING IS DEPENDENT ON 

DURATION OF EXPOSURE TO FOOD. 
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Figure 6-1. A 6hr exposure was not sufficient for worms to learn familiar 

food. 
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Figure 6-2. Exposure to food for 9hrs was sufficient for worms to learn 

familiar food. 
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