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Abstract

Serotonin is a conserved neuromodulator that controls feeding behavior in response to environmental

inputs in a wide range of species, including the nematode, Caenorhabditis elegans. To understand the

detailed mechanism and evolution of serotonergic neuromodulation, the feeding behaviors of C.

elegans and related species have been studied intensively because of their simple neural anatomy and

genetic manipulability. C. elegans shows patterned movements of a feeding structure called the

pharynx, and serotonin modulates feeding rhythms via several serotonin receptors expressed in

pharyngeal motor neurons and muscles. Environmental inputs and physiological states like food

signals, starvation, and heat affect the activity of serotonergic neurons and downstream neural

pathways. We focus on serotonergic neural pathways in the feeding behavior of C. elegans and other

nematodes, neuromodulation between environmental inputs and behavioral outputs, and their

evolutionary path.

Keywords: tph-1, serotonin receptor, pharyngeal movement, pharyngeal pumping, peristalsis,

environmental inputs, Pristionchus pacificus



1  Introduction

Feeding is one of the most fundamental behaviors necessary for animal survival. Serotonin

is a conserved neuromodulator regulating feeding behavior in almost all phyla in the animal kingdom

(Horvitz et al., 1982; Mathias et al., 1957). Serotonin was first identified in cow serum as a substance

that causes contraction of blood vessels (Rapport et al., 1948). Later it was revealed that it plays a role

in the nervous system and is involved in various physiological functions and behaviors such as

feeding, anxiety, sleep, and learning (Brodie et al., 1955; Mohammad-Zadah et al., 2008; Twarog and

Page, 1953). Human pathological studies have shown that disruption of serotonergic activity results in

severe disorders, such as depression, schizophrenia, and anxiety disorders, suggesting the importance

and complex functions of serotonin (Lin et al., 2014).

The nematode, Caenorhabditis elegans, has been utilized as a prominent model organism

to investigate neural regulation of feeding behavior because of its transparent body, short life cycle,

and simple nervous system (Corsi et al., 2015). Moreover, intensive studies have developed useful

tools such as an annotated genome ( The C. elegans Sequencing Consortium, 1998), forward and

reverse genetics (Brenner, 1974; Dickinson et al., 2013; Fire et al., 1998), extrachromosomal arrays to

express genes of interest (Mello et al., 1991), connectome maps throughout the body (White et al.,



1986), electropharyngeogram (EPG) (Raizen and Avery, 1994), and optogenetics (Nagel et al., 2005)

that facilitate the detailed understanding of molecular mechanisms underlying feeding behavior in C.

elegans. Serotonin is also used as a neuromodulator in C. elegans and is related to several behaviors

and physiological functions such as pharyngeal pumping, egg laying, locomotion, mating, and

learning (Horvitz et al., 1982; Loer and Kenyon, 1993; Sawin et al., 2000; Zhang et al., 2005).

In addition to usage in neurophysiological studies, C. elegans and other related nematodes

also provide a model to understand behavioral evolution. To adapt to diverse habitats and food

sources, such as bacteria, other nematodes, and fungi, free-living and parasitic nematodes have

evolved diverse feeding structures. Even though the mouth forms and feeding styles are different,

serotonin is involved in regulation of feeding behaviors in a wide range of nematode species,

suggesting the significance of serotonin in the evolution of feeding behaviors in the phylum,

Nematoda (Crisford et al., 2018; Komuniecki et al., 2004; Okumura et al., 2017; Weeks et al., 2016;

Wilecki et al., 2015).

Here, we review, first, the basic structure and movement of the feeding organ in C.

elegans; second, the serotonergic nervous systems regulating the feeding behavior; third, the influence

of environmental inputs on feeding behavior; and last, studies to understand the feeding behavior of

various nematodes.



2 Pharyngeal structure and movements in C. elegans

C. elegans feeds on bacteria with a neuromuscular organ called the pharynx, which

consists of four parts: the anterior corpus, posterior corpus, isthmus, and terminal bulb (Figure 1A,

Albertson and Thomson, 1973). The pharynx in C. elegans contains eight classes of muscle cells

(pml-pm8), 14 classes of pharyngeal neurons, marginal cells, epithelial cells, and gland cells.

The movement of the pharynx to swallow food is characterized by two motions of different

parts of the organ. One is called pharyngeal pumping, which consists of rthythmic muscle contraction

and relaxation in the anterior/posterior corpus, anterior isthmus, and terminal bulb (Figure 1B). Food

trapped by pumping in the corpus is crushed by a grinder in the terminal bulb (Doncaster, 1962). The

pumping of the corpus and terminal bulb is coordinated via the electrical connection of the pharyngeal

muscles with gap junctions (Starich et al., 1996). The other movement is peristalsis in the posterior

isthmus. Peristalsis is the contraction of muscles traveling from anterior to posterior (Figure 1B,

Avery and Horvitz, 1987). The roles of peristalsis are to concentrate and transport food from the

corpus to the terminal bulb. Peristalsis normally occurs every three or four pumps (Avery and Horvitz,

1989).

Recently, a novel pharyngeal movement called “spitting” was reported (Bhatla et al., 2015).



When C. elegans senses noxious stimulation, such as UV light via the LITE-1 photoreceptor,

pharyngeal pumping immediately stops and then pumping rate increases again; this is called the

“burst” response (Bhatla and Horvitz, 2015). Observation of flow direction in worms feeding on

mineral oil or beads revealed that during the burst response, the oil or beads trapped into the corpus

are expelled rather than retained, indicating that the direction of flow in the pharynx is reversed in

response to light (Bhatla et al., 2015). These pharyngeal responses to UV light suggest that the

pharynx can control not only the contraction rate but also the direction of flow of the pharyngeal

contents (Bhatla et al., 2015).

The pharyngeal nervous system in C. elegans is anatomically almost independent of the

somatic nervous system. All pharyngeal neurons make synaptic connections within the pharynx

except for I1 neurons, a single pair of pharyngeal neurons that receive electrical input from the

somatic nervous system through gap junctions (Albertson and Thomson, 1976). Laser ablation of

specific pharyngeal neurons has been utilized to investigate how pharyngeal neurons are involved in

feeding behavior (Avery and Horvitz, 1989, 1987). For example, MCs are key cholinergic neurons

innervating the anterior corpus of the pharynx, which depolarize pharyngeal muscles to increase

pumping rate (Figure 2, Raizen et al, 1995), while M3s are glutamatergic neurons that hyperpolarize

pharyngeal muscles, causing them to relax (Figure 2, Avery, 1993; Raizen and Avery, 1994; Li et al.,



1997). A recent study using optogenetic methods revealed the multiple direct and indirect excitatory

pathways controlling pharyngeal pumping. Optogenetic activation of M2 and M4 neurons upregulates

pumping, even when MC neurons are ablated. I1 interneurons, which are the only neurons with

electrical connections to the somatic nervous system, can stimulate pumping via M2 and MC neurons

(Trojanowski et al., 2014). In contrast to complex neural regulation in pharyngeal pumping, isthmus

peristalsis requires cholinergic signaling from the M4 pharyngeal neuron; ablation of this neuron

completely arrests peristalsis (Figure 2, Avery and Horvitz, 1989).

Despite few synaptic inputs from outside the pharynx, extra-pharyngeal inputs also affect

pharyngeal movement in non-synaptic manners. While ablation of all of the pharyngeal neurons or

optogenetic inactivation of the pharyngeal cholinergic neurons decrease but do not completely abolish

pharyngeal pumping (Avery and Horvitz, 1989; Trojanowski et al., 2014), pan-neuronal inactivation

with a chemogenetic method or mutants with defects in acetylcholine release completely cease

pharyngeal pumping (Alfonso et al., 1993; Trojanowski et al., 2016). Moreover, serotonergic

signaling from extrapharyngeal neurons also has roles in the regulation of pharyngeal movement, as

we describe in Chapter 3.

Pharyngeal movement is controlled in a context-dependent manner that is mediated by the

serotonin-signaling pathway. Next, we focus on the functions of serotonin neural circuits in the



modulation of feeding behaviors in response to environmental stimuli in C. elegans.

3 Serotonergic neural circuit in C. elegans

3.1  Serotonergic modulation of feeding rhythms in C. elegans

Serotonin is synthesized from an amino acid, tryptophan. Serotonin synthesis is catalyzed

by two enzymes, tryptophan hydroxylase (TPH-1) and 5-hydroxytryptophan (5-HTP)/L-dopa

decarboxylase (BAS-1), which convert tryptophan to 5-HTP and 5-HTP to serotonin, respectively

(Sanders-Bush and Mayer, 1996). This pathway is conserved in C. elegans, a wide range of

invertebrates including the fruit fly, Drosophila melanogaster (Coleman and Neckameyer, 2005), and

vertebrates such as humans (Boularand et al., 1995). To understand the functions of serotonin in C.

elegans, the tph-1 mutant was generated with reverse genetics by chemical mutagenesis (Sze et al.,

2000). C. elegans tph-1 homozygous mutants are viable, do not produce serotonin, and show

abnormal behaviors, including abnormal feeding. In the wild type, the pharyngeal pumping rate

increases to more than 200 pumps per minute in the presence of bacterial food from the basal rate of

approximately 43 pumps per minute (Avery and Horvitz, 1989). In contrast, the rate of pharyngeal

pumping is lower in #ph-I null mutants than in wild types in the presence of food, but the basal

pumping rate is the same, suggesting that serotonin is necessary for upregulation of pharyngeal



pumping in response to food signals but not for basal activity (Sze et al., 2000). Recent analysis over

an extended time course showed that serotonin has an inhibitory role in pumping regulation during

long-term deprivation from food (Dalliére et al., 2016). In wild type worms, pumping rate decreases

during the first 120 minutes of food deprivation. After 120 minutes of food deprivation, pumping rate

becomes more erratic with individual differences. In #ph-1 mutant, the average pumping rate does not

change during the early phase of fasting compared to that of wild types but pumping rate increases

only after 4-hour food deprivation, suggesting that serotonin inhibits pumping temporally during

prolonged food deprivation (Dalliere et al., 2016).

Using immunostaining, serotonin has been identified in the NSM pharyngeal neuron,

somatic neurons ADF, AIM, RIG, RIH, VCs, hermaphrodite HSN, male CPs, and male tail neurons

(Duerr et al., 1999; Loer and Kenyon, 1993; Sze et al., 2000). The serotonin synthesis enzyme, TPH-1,

is expressed only in ADF, NSM, HSN, CPs, and male tail neurons (Sze et al., 2000) and the

accumulation of serotonin in AIM and RIH requires the serotonin reuptake transporter MOD-5 (Jafari

et al., 2011). Among these neurons, ADF and NSM neurons have functions in modulating pharyngeal

pumping depending on the environmental and physiological states (Figure 2, 3). ADF neurons are

serotonergic amphid neurons found in the head and are related to chemotaxis and dauer formation

(Bargmann and Horvitz, 1991). Several studies emphasize the importance of ADF neurons in



serotonergic upregulation of the pharyngeal pumping rate. Monitoring the neural activity using the

calcium indicator GCaMP revealed that ADF neurons are among the sensory neurons that can respond

to bacterial food signals (Zaslaver et al., 2015). Cunningham and colleagues showed that expression

of TPH-1 in ADF neurons, but not in NSM neurons, in the #ph-1 null mutant rescues the defect of fast

pumping in the presence of food. Moreover, ADF-specific knockdown of ¢ph-1 significantly reduces

pumping in response to food (Cunningham et al., 2012). Others demonstrated the contribution of ADF

neurons in pumping increment in response to several environmental and physiological changes, which

we summarize in detail in Chapter 4 (Gracida et al., 2017; Lemieux et al., 2015; Song et al., 2013).

On the other hand, NSM neurons may have functions in feeding regulation in some contexts. NSM

neurons are serotonergic neurons in the pharynx (Horvitz et al., 1982; Sze et al., 2000). Ablation of

NSM neurons in wild type worms suppressed the duration of pharyngeal fast pumping when the

feeding behavior was observed for a long time using a microfluidic device in the presence of food

(Lee et al., 2017). In addition, pumping increase induced by attractive odors is mediated by serotonin

synthesized in NSM neurons, as we describe in Chapter 4 (Li et al., 2012). A recent study showed that

NSM neurons are enteric, serotonergic neurons with their minor neurite extending into the alimentary

canal. They detect food ingestion directly via two DEG/ENaC superfamily sodium channels DEL-7

and DEL-3, closely related to acid-sensing ion channels in mammals (Rhoades et al., 2019). The
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activation of NSM neurons by food ingestion detected by DEL-7 and DEL-3 induces slower

locomotion in response to food, but this type of NSM activation does not alter the pumping rate

(Rhoades et al., 2019). These studies suggest that both NSM and ADF neurons are involved in

pharyngeal pumping, but ADF neurons have likely major functions in increasing pumping in response

to food, and NSM neurons may have subsidiary functions in feeding regulation.

3.2 Serotonin receptors and downstream circuits

Serotonin links environmental and physiological states to pharyngeal movements by

modulating the activity of pharyngeal motor neurons, such as MC and M4 neurons, which directly

regulate pharyngeal movements (Figure 2). In this section, we focus on downstream neural circuits

expressing different serotonin receptors that respond to serotonin signals and modulate the movement

of pharyngeal pumping and peristalsis.

There are five serotonin receptors that have been investigated in C. elegans: ser-1, ser-4,

ser-5, ser-7, and mod-1 (Hamdan et al., 1999; Hapiak et al., 2009; Hobson et al., 2003; Olde and

McCombie, 1997; Ranganathan et al., 2000; Tsalik et al., 2003). The former four receptors are

7-transmembrane G-protein-coupled receptors (GPCRs) that were identified using sequence

similarities of serotonin receptors in other species (Hamdan et al., 1999; Hapiak et al., 2009; Hobson
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et al., 2003; Olde and McCombie, 1997). Pharmacological analyses revealed that these receptors

mediate a relatively slow response to serotonin (Hamdan et al., 1999; Hobson et al., 2003; Olde and

McCombie, 1997). On the other hand, mod-1, which was identified with a forward genetic screening,

is a serotonin-gated chloride ion channel that mediates fast response to serotonin by hyperpolarizing

neurons (Ranganathan et al., 2000).

Exogenous dose of serotonin induces fast pharyngeal pumping that mimics the response to

food signals (Hobson et al., 2006; Lee et al., 2017). This response is mainly mediated by SER-7, since

an exogenous dose of serotonin does not induce increased pumping in ser-7 null mutants

(Cunningham et al., 2012; Gomez-Amaro et al., 2015; Hobson et al., 2006; Lee et al., 2017; Song and

Avery, 2012). In C. elegans, SER-7 has important roles in the regulation of pharyngeal pumping and

peristalsis via distinct signaling pathways during feeding behavior (Figure 2). SER-7 is expressed in

several neurons in the pharynx, such as MC, M2, M3, and M4 neurons, and vulval muscles (Hobson

et al., 2006). Among them, as explained in Chapter 2, MC and M3 pharyngeal neurons depolarize and

hyperpolarize pharyngeal muscles, respectively, and M2 and M4 neurons have a milder effect in the

stimulation of pumping compared to MC neurons. In MC neurons, SER-7 activates the G,a signaling

pathway and cholinergic signals to stimulate fast pumping in the corpus (Song and Avery, 2012).

SER-7 is also expressed in M3 neurons and serotonin is required for the activity of M3 neurons,

12



implying that SER-7 may also function in M3 neurons to contribute to fast pumping, along with MC

neurons (Hobson et al., 2006; Niacaris and Avery, 2003; Trojanowski et al., 2014). Moreover, SER-7

is expressed in the M4 neuron that innervates the posterior isthmus and has an essential function in

isthmus peristalsis (Avery and Horvitz, 1987; Avery and Horvitz, 1989). SER-7 in the M4 neuron

activates the G.a signaling pathway and dense-core vesicle neurotransmission to stimulate isthmus

peristalsis (Song and Avery, 2012). Pharyngeal pumping and peristalsis are coupled but regulated by

separate neural pathways, suggesting that serotonin regulates pharyngeal movement in distinct but

somehow linked mechanisms (Song and Avery, 2012).

SER-5 is a serotonin receptor, whose physiological functions were examined in C. elegans

most recently (Hapiak et al., 2009), and an important regulator in feeding rhythms. SER-5 is

expressed in body wall muscles, vulval muscles, and head neurons (Carre-pierrat et al., 2006; Hapiak

et al., 2009). In ser-5 mutants, exogenous serotonin does not induce increased pumping (Cunningham

et al., 2012). Serotonergic signals from ADF neurons are critical for the upregulation of pharyngeal

pumping via the SER-5 serotonin receptor but not the SER-7 nor SER-1 receptors (Cunningham et al.,

2012). SER-5 inactivates AAK-2, an AMP-activated kinase (AMPK), which is a conserved regulator

of energy balance, through Gsa signaling pathway and protein kinase A (PKA) in neurons expressing

the transcriptional factor HLH-34. HLH-34 is an orthologue of the mammalian single-minded-1
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(SIM-1) gene that is required for development of the hypothalamic nucleus associated with energy

balance and obesity (Michaud et al., 2001). Serotonergic neurotransmission activates glutamatergic

neurotransmission in HLH-34-expressing neurons to upregulate pharyngeal pumping (Figure 2,

Cunningham et al., 2012). Although these results suggest that SER-5 responds to serotonin secreted

from ADF neurons, other studies show SER-7 mediates serotonergic transmission from ADF neurons

in a context-dependent manner, as we discuss in Chapter 4 (Gracida et al., 2017; Song et al., 2013).

SER-1 is not essential for the stimulation of pharyngeal pumping, but it is likely that

SER-1 plays a role in the “fine-tuning” of pumping. Treatment with exogenous serotonin increased

the pumping rate in both wild types and ser-/ null mutants (Hobson et al., 2006; Lee et al., 2017) or

showed a partially weakened pumping increase in ser-I null mutants (Dernovici et al., 2006;

Gomez-Amaro et al., 2015). Similarly, two studies have shown that bacterial food stimulates pumping

rate in both wild types and ser-/ null mutants (Dernovici et al., 2006; Hobson et al., 2006), but one

study has demonstrated that the increase in pumping in response to bacterial food is partially

suppressed in ser-1 mutants (Lee et al., 2017). Following detailed observation, ser-/ null mutants

were found to exhibit more variance in their pumping rate compared to that of wild types (Hobson et

al., 2006), suggesting that the function of SER-1 is stabilization of the pumping rate rather than

upregulation. Although there are variations in the expression pattern of ser-/ depending on the

14



promoter sequence, SER-1 is expressed in pharyngeal muscles (Tsalik et al., 2003; Xiao et al., 2006),

head neurons (Dernovici et al., 2006; Tsalik et al., 2003; Xiao et al., 2006), vulval muscles (Xiao et al.,

2006), and tail neurons (Dernovici et al., 2006). The downstream signaling pathway of SER-1 in the

regulation of feeding rhythms is unknown; however a PDZ-binding domain in the C-terminus of

SER-1 might be functionally important because the PDZ-binding domain has a significant role in

egg-laying stimulation (Xiao et al., 2006).

SER-4 and MOD-1 may inhibit neural activity. SER-4 is a GPCR mediated by the Gai

class of G-proteins to attenuate adenylate cyclase (Olde and McCombie, 1997), and MOD-1 is a

serotonin-gated chloride channel, which directly hyperpolarizes cells in response to serotonin

(Ranganathan et al., 2000). Both SER-4 and MOD-1 are expressed in head neurons, tail neurons, and

ventral nerve cord, but the expression patterns of the two genes do not completely overlap, suggesting

that they mediate different neural pathways (Giirel et al., 2012).

The roles of ser-4 and mod-1 in pharyngeal movement are controversial. Several studies

have shown that ser-4 mutants can upregulate pumping rate in response to serotonin (Hobson et al.,

2006; Srinivasan et al., 2008). However, Song and colleagues revealed that ser-4 has an inhibitory

role in fast pumping (Song et al., 2013), and Lee and colleagues showed that ser-4 partially enhances

the feeding rate in response to food and exogenous serotonin (Lee et al., 2017). Lee and colleagues
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utilized a microfluidic recording device to record pharyngeal pumping for much longer periods than

most previous studies (Cunningham et al., 2012; Hobson et al., 2006; Lee et al., 2017; Li et al., 2012;

Srinivasan et al., 2008). They found that ser-4 mutants spent less time fast pumping in the presence of

food or exogenous serotonin. As for mod-1, Lee and colleagues stated the mod-1 mutant exhibits fast

pharyngeal movement like the wild type (Lee et al., 2017), but Song and colleagues showed its

inhibitory role in fast pumping (Song et al., 2013), and Li and colleagues revealed that mod-1

enhances fast pumping in response to exogenous serotonin in the presence of food (Li et al., 2012).

The controversial results of ser-4 and mod-1 among these studies may be derived from differences in

experimental conditions, such as serotonin concentration, developmental stages, and existence of food,

indicating that further investigation is necessary to understand the functions of these receptors.

4  Environmental inputs affect feeding rhythms in C. elegans through the serotonergic pathway

Several environmental and physiological states are related to feeding modulation through

serotonergic neurons and downstream neural pathways (Figure 3).

Food-related sensory cues are environmental inputs that alter the feeding rhythms in C.

elegans (Figure 3A). Song and colleagues examined the effects of food familiarity on feeding and

found that exposure to familiar food enhances pharyngeal pumping (Song et al., 2013). Familiar foods
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activate ADF neurons and increase the serotonin production in ADF neurons. In contrast, the pumping

rate for novel food is lower than that for familiar food, and the increased pumping for familiar food is

cancelled by conditioned media containing supernatant of novel bacteria, implicating that sensory

cues from novel bacteria suppress the effect of familiar food. ADF neurons activate downstream MC

pharyngeal neurons via the SER-7 serotonin receptor. In ser-7 null mutants, the pumping rate does not

increase in response to familiar food. This defect is partially suppressed by mutations in ser-4 and

mod-1, suggesting an inhibitory role of ser-4 and mod-1 in feeding increment. Similarly, attractive

odors increase pharyngeal pumping via the serotonergic pathway and repellent odors suppress feeding

by the tyramine/octopamine signaling (Figure 3A, Li et al., 2012). In this context, NSM neurons are

critical in upregulating feeding rhythms in response to attractive odorants such as diacetyl and low

concentration of isoamylol. There are also inhibitory neurons, such as RIM tyraminergic and RIC

octopaminergic neurons, that suppress fast pumping in response to repellents such as quinine. These

inhibitory neurons suppress the activation of NSM neurons, which express the SER-2 tyramine

receptor. NSM neurons can stimulate fast pumping by inhibiting the activity of RIM and RIC neurons

via the MOD-1 serotonin receptor. Therefore, serotonin and tyramine/octopamine circuits can

cross-inhibit each other and integrate two contradictory sensory information to regulate feeding

behavior (Li et al., 2012).
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Nutritional condition is also important in the regulation of feeding rhythms (Figure 3B).

Compared with well-fed worms, starved animals feed more when they are reintroduced to bacteria

(Avery and Horvitz, 1990; Lemieux et al., 2015). This hyperactive feeding is mediated by serotonin

signaling, and kynurenic acid is an upstream factor of serotonin. Kynurenic acid is derived from

tryptophan, and the production of kynurenic acid is catalyzed by NKAT-1. Starvation suppresses the

production of kynurenic acid, which functions as an antagonist of glutamatergic neurotransmission

through NMDA-gated ionotropic receptors. Deprivation of kynurenic acid through starvation leads to

activation of NMDA-receptor expressing neurons (AVA neurons), which initiates neuropeptide Y-like

signaling. This neuropeptidergic neurotransmission together with food sensory signaling stimulates

serotonergic signaling from ADF. Therefore, when the starved worms re-encounter food, both the

food sensory signal to ADF neurons and absence of kynurenic acid, which results in neuropeptidergic

transmission from AVA neurons toward ADF neurons, increase serotonin signals from ADF neurons to

stimulate hyperactive pharyngeal pumping (Lemieux et al., 2015).

Recent studies revealed that heat stress also alters the pharyngeal pumping rate via

serotonergic signaling ( Figure 3C, left, Gracida et al., 2017; Tatum et al., 2015). When heat-sensing

AFD neurons sense a mild increase in temperature or noxious heat, they indirectly transmit a signal to

NSM and ADF serotonergic neurons to increase serotonin release, resulting in increased feeding
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rhythms. The downstream neural circuit remains to be elucidated. In this context, serotonin also

activates a heat shock transcription factor in distant tissues, including germ line cells, via SER-1,

contributing to the cellular response to heat stress (Tatum et al., 2015). ADF serotonergic neurons can

also respond to noxious heat stress (Figure 3C, right, Gracida et al., 2017). When worms are exposed

to high temperature, pharyngeal pumping decreases, even in the presence of food. After 1-hour

recovery at room temperature, the worms increase pharyngeal pumping to a higher level compared

with animals before heat stress. This feeding dynamics is mediated by components of the E3 ubiquitin

ligase, whose subcellular localization is enriched in the nucleus transiently upon heat stress in ADF

neurons. Serotonin signaling transmitted from ADF neurons increases and upregulates pharyngeal

pumping via SER-7 and, partially, SER-5. The re-localization of the E3 ligase component also occurs

in mutants that have defects in small vesicle and dense core vesicle transmission, suggesting that this

process is regulated cell-autonomously in ADF neurons and independently from the canonical

thermosensory circuit. The physiological meaning of upregulation of feeding rhythms after noxious

heat stress is currently unknown but it may function for energy recovery to repair damages of cells

under the noxious heat stress (Gracida et al., 2017).

5  Serotonergic modulation of feeding rhythms in other nematode species
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The detailed mechanism of the feeding behavior in C. elegans, as mentioned above and in

studies of other related nematodes, provides a good model to understand behavioral evolution. The

pharyngeal motion of related nematodes, including the Rhabditidae, Diplogastridae, Cephalobidae,

Panagrolaimidae, and Teratocephalidae families, differs in their spatial patterns; the parts of the

pharynx that pump and where peristalsis occurs vary among these nematodes (Figure 4, Chiang et al.,

2006). For example, in nematodes of the Rhabditidae family, like C. elegans, the corpus, anterior

isthmus, and terminal bulb pump simultaneously, and peristalsis is only seen in the posterior isthmus,

whereas, only the corpus pumps and the rest of the parts induce peristalsis in Diplogastridae such as

Pristionchus pacificus. Laser cell ablation revealed that the M4 pharyngeal neuron regulates posterior

pharyngeal movement in all of these families except for Teratocephalidae, which has been examined

as an outgroup. This study implies that the components contributing to the regulation of pharyngeal

movements are somehow conserved in a relatively wide range of nematodes, although the pharyngeal

movements may vary between them.

The roles of serotonin in feeding behavior have been partially revealed in several

nematodes, especially in those of the Rhabditidae family. In the Rhabditidae family, serotonin-positive

neurons are well characterized by immunostaining against serotonin (Loer and Rivard, 2007; Rivard

et al.,, 2010) (Figure 4). The number of serotonin-positive neurons in the head is different even
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between phylogenetically closely related species. Moreover, a serotonin receptor antagonist,

mianserin, does not have the same effects in food-related locomotor behavior. Locomotory rate

decreases when starved worms re-encounter bacterial food, and this is called enhanced slowing

response. In C. elegans mianserin reduces enhanced slowing response, but not basal locomotory rate.

In contrast, mianserin lowers basal locomotory rate, but not the locomotory rate in enhanced slowing

response in Caenorhabditis sp. 3. (Rivard et al., 2010) Together with the identification of neuronal

cells related to pharyngeal movements, such as M4 neuron (Chiang et al., 2006), the serotonin

signaling in those nematodes seems to be partially conserved, but the regulatory pathway and

components in serotonergic modulation seem to differ, even in phylogenetically closely related

species.

Genetic and pharmacological studies have shown that serotonin regulates an evolutionary

novel feeding behavior in the predatory nematode, Pristionchus pacificus, a member of the

Diplogastridae family. P. pacificus is a satellite model for comparative studies of evolutionary biology

(Sommer et al., 1996; Sommer and McGaughran, 2013, Sommer et al, 2015). This nematode has

advantages in investigating feeding behavior including an annotated genome, forward and reverse

genetics, transgenesis, CRISPR/Cas9 gene editing, and a connectome map for all pharyngeal neurons

(Bumbarger et al., 2013; Dieterich et al., 2008; Namai and Sugimoto, 2018; Schlager et al., 2009;
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Sommer et al., 1996; Witte et al., 2015). The feeding behavior of P. pacificus is associated with

mouth-form dimorphism, which is influenced by environmental states during larval stages (Bento et

al., 2010). Worms with both mouth forms feed on bacteria, but only the worms with a “wider” mouth

form (eurystomatous form) can kill and feed on other worms by opening prey cuticles with movable

teeth (Figure 5, Bento et al, 2010, Lightfoot et al, 2016). The predators recognize self-progeny to

prevent cannibalism via the small peptide SELF-1 (Lightfoot et al., 2019). The function of serotonin

in P, pacificus was revealed using CRISPR/Cas9-mediated mutants of serotonin synthesis genes and

pharmacological analysis (Figure 5). In P. pacificus, the loss of serotonin causes a reduction in the

pumping rate during bacterial feeding, suggesting that the function of serotonin in bacterial feeding is

conserved between P. pacificus and C. elegans (Okumura et al., 2017). In addition, serotonin is

involved in predatory feeding by regulating tooth movement. Exogenous serotonin triggers the

predatory type of pharyngeal movement, tooth movement, and a slower pumping rate (Wilecki et al.,

2015). While in wild types, the pharyngeal pumping and tooth movement are highly coordinated in

one-to-one ratio, Ppa-tph-1 mutants exhibit disruption of the correct coordination of the pumping and

tooth movement, which results in a decrease in predation on other nematodes (Okumura et al., 2017).

Further investigation of serotonergic modulation in P. pacificus may help understand how serotonin

neural circuits have evolved to regulate novel behavior.
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The role of serotonin in feeding behavior and components of the serotonergic modulatory

pathway is partially known in some non-free-living nematodes, such as in the parasitic nematode,

Ascaris suum. In A. suum, serotonin has been detected using immunostaining in a pair of neurons

likely to be homologous to NSM neurons of C. elegans (Johnson et al., 1996). Similarly, serotonin is

localized in NSM-like neurons in another parasitic nematode, Haemonchus contortus (Rao et al.,

2011). Treatment with serotonin increases pharyngeal movement in 4. suum and other related species

(Komuniecki et al., 2004; Weeks et al., 2016), suggesting that the role of serotonin in feeding

behavior is somehow conserved in phylogenetically distant species. Some of the serotonin receptors

in A. suum and H. contortus have been characterized. In 4. suum, several splicing variants of the

SER-1-like receptor were cloned, and one of the isoforms has an affinity for the serotonin agonist,

lysergic acid diethylamide (LSD), when expressed in COS-7 cells (Huang et al., 1999) and HEK293

cells (Huang et al., 2002). Tissue-specific reverse-transcription (RT-) PCR revealed that this serotonin

receptor is expressed in pharyngeal muscles, body wall muscles, and nerve cord and/or hypodermis,

implying that this receptor may mediate serotonergic stimulation (Huang et al., 2002). In H. contortus,

the SER-4-like receptor, 5-HTu., interacts with serotonin and several serotonin receptor agonists

(Smith et al., 2003). Serotonin also functions in the feeding behavior of plant pathogenic nematodes

with a stylet to penetrate host plant roots. Reserpine, an antagonist of the vesicular monoamine
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transporter, inhibits movement of the stylet on the pharynx in potato cyst nematodes, Globodera

pallida (Crisford et al., 2018). Taken together, serotonin is involved in the regulation of feeding

behavior in a wide range of nematodes, even though these nematodes have different mouth structures

and feeding habits from those of C. elegans.

6  Future perspectives

Decades of investigation have revealed several components of serotonergic regulation and

their function in feeding behavior in C. elegans. Environmental inputs change the physiological states

of serotonergic neurons, and serotonin released from those neurons modulates the activity of its target

cells. Pharyngeal neurons expressing serotonin receptors alter the movement of pharyngeal muscles

and feeding behavior.

We reviewed the mechanisms through which environmental and physiological cues alter

the activity of specific types of serotonergic neurons and downstream pathways (Lemieux et al., 2015;

Li et al., 2012). However, it is still unknown how multiple environmental inputs and physiological

conditions are integrated and modulate serotonergic neural pathways to induce behaviors.

In addition, direct downstream targets of serotonin or NSM and ADF serotonergic neurons

are still unclear, because NSM and ADF neurons do not make synaptic connections to most of the
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pharyngeal motor neurons that express serotonin receptors and induce pharyngeal movements. One

possibility is that uncharacterized serotonin receptors may be related to serotonergic modulation in C.

elegans because most of the neurons making synaptic connections to NSM and ADF neurons do not

express characterized serotonin receptors. These neurons might play a role in feeding behavior via

unknown serotonin receptors. Another possibility is the non-synaptic serotonergic transmission that

has been observed in vertebrate and invertebrate species (Albertson and Thomson, 1976; De-Miguel

and Trueta, 2005; Dernovici et al., 2006; Harris et al., 2011). If the pharyngeal movements are

regulated by diffusible serotonin transmission, it is unknown how serotonin secreted from one type of

serotonergic neurons but not from others can induce certain pharyngeal movements in certain

conditions; for example, Cunningham and colleagues reported that expression of #ph-I in ADF

neurons, but not in NSM neurons, rescue the defect of tph-I mutants in feeding regulation

(Cunningham et al., 2012). These questions should be addressed to understand the overall roles of

serotonin in the modulation of feeding behavior.

Comparative studies between C. elegans and other nematodes form a suitable model to

understand the evolution of serotonergic modulation in feeding behaviors; however, there is only little

knowledge of the regulatory mechanisms of feeding behavior in other nematodes. Unlike in C.

elegans, there are few to no genetic tools in many species, making it difficult to analyze molecular
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components of the serotonergic regulatory pathway. In these circumstances, satellite model organisms,

such as P. pacificus, are particularly useful in understanding the molecular mechanism of behavioral

evolution. Furthermore, microfluidic platforms for electrophysiological recording that do not require

genetic tools to monitor neural and muscle activities may facilitate automated screening and the

investigation of pharyngeal regulation in both model and non-model nematodes (Weeks et al., 2016).

Together, the combination of pharmacological, genetic, and electrophysiological analyses in other

nematodes, especially in satellite model organisms, will promote our understanding of the evolution

of feeding behaviors and serotonergic modulation.

Because of the simple nervous system of C. elegans and numerous studies in the past

decades, the feeding behavior of this animal is a prominent model to examine the nature of

neuromodulation. Further studies on this system may contribute to studies on neuromodulation in

higher animals, offering insights into the neural modulatory circuit mediating environmental input

from sensory neurons and outputs to muscle movements.
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Figure legends

Fig. 1. Pharyngeal movements in C. elegans

(A) Schematics of pharyngeal structure of C. elegans. The pharynx of C. elegans consists of

eight subtypes of pharyngeal muscles (pm1-pm8), which are divided into four parts: anterior

corpus, posterior corpus, isthmus, and terminal bulb. A grinder is located in the center of the

terminal bulb.

(B) Pharyngeal movement of C. elegans is characterized by two motions, pumping (upper) and

peristalsis (lower). Pumping is observed in the anterior and posterior corpus, the anterior part of

the isthmus, and the terminal bulb in C. elegans. The figure shows the phase when pharyngeal

muscles contract. Peristalsis is observed in the posterior part of the isthmus.
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Fig. 2. Serotonergic neural pathway in feeding in C. elegans

In the upregulation of feeding, NSM and ADF serotonergic neurons (shown in green) receive

environmental and physiological cues and release serotonin (green particle). An increase in

serotonin release induced from these neurons activates MC, M3, M4, and probably M2 motor

neurons (shown in pink circles). Through the SER-7 serotonin receptor (blue) and Gsa signaling

pathway, MC induces phasic action potentials in pharyngeal muscles through cholinergic signals,

resulting in fast rhythmic contraction of pharyngeal muscles in pharyngeal pumping. M3, in

contrast, transmits glutamatergic inhibitory signals to pharyngeal muscles, to cease muscle

contraction in pumping. M2 and M4 also contribute to the upregulation of pharyngeal pumping,

while they play only minor roles. M4 contributes to the induction of isthmus peristalsis by

transmitting cholinergic signals to the isthmus. Serotonin activates M4 via the SER-7 and Gi»a

signaling pathway. ADF also transmits serotonergic signals to SER-5 (purple) in hlh-34

expressing cells and those cells provide glutamatergic signaling (orange particles) to pharyngeal

neurons. Circle, triangle, and hexagon represent motor neuron, sensory neuron, and interneuron,

respectively. Red arrows represent synaptic connections and the black arrow shows non-synaptic

transmissions.
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Fig. 3. Environmental inputs affecting pharyngeal motions via serotonergic neural pathways

(A) Food-related external signals such as familiar food and attractive odors activate serotonergic

neurons and stimulate fast pumping. Familiar food activates ADF serotonergic neurons, and

serotonin secreted from these neurons activates MC neurons via the SER-7 serotonin receptor

and increases pharyngeal pumping. Novel food signals inhibit ADF activity in unknown

manners. Food-related attractive odors, on the other hand, activate NSM neurons and increase

serotonergic signaling, resulting in upregulation of pharyngeal pumping. This serotonergic

signals also inhibits feeding-inhibitory neurons (RIM and RIC) via serotonin-gated Cl- channel

MOD-1. TA and OA are for tyramine and octopamine, respectively.

(B) Starvation inhibits kynurenic acid production, which plays a role in nutritional cues.

Kynurenic acid inhibits neuropeptidergic signaling from the AVA interneuron to ADF

serotonergic neurons by antagonizing an NMDA-gated glutamate channel. The neuropeptidergic

signal contributes to the activation of serotonergic neurotransmission in ADF neurons, together

with food sensory signaling. This serotonergic signal causes hyperactive pumping when starved

worms re-entered food.

(C) Heat-related increase of serotonergic signaling and subsequent fast pumping in the canonical

thermosensory-dependent (left) or independent manner (right). Left: AFD neurons sense both
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moderate temperature increase and acute noxious heat. AFD neurons transmit signals to both

ADF and NSM serotonergic neurons to increase serotonin release, which may cause increased

pharyngeal pumping. Right: Noxious heat directly induces serotonin release via the

ECS-complex-mediated pathway in ADF neurons. When worms are exposed to noxious heat, E3

ubiquitin ligase components (blue diamonds) transiently localize in the nucleus and then

pharyngeal pumping stops. After heat stress, these components are re-localized in the cytoplasm,

inducing increase of serotonin release. This serotonergic neurotransmission upregulates

pharyngeal pumping via SER-7 and partially SER-5 serotonin receptors.

Green figures represent serotonergic neurons. Circle, triangle, and hexagon represent motor

neuron, sensory neuron, and interneuron, respectively.
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Fig. 4. Phylogenetic relationship of related nematodes and their serotonergic neurons and

pharyngeal behavior

The phylogenic tree contains nematodes in Rhabditina (green), Diplogasterina (blue), Cephalobina

(brown), Panagrolaimidae (orange), and several outgroup species such as 4. suum and T. lirellus

(black). The table shows the number of serotonin-positive cells found by immunostaining and

pharyngeal behavior. Red letters in the table are known serotonin-mediated behaviors. The tree is

based on data from (Rivard et al., 2010) and (Van Megen et al., 2009), and serotonergic neurons are

based on (Chiang et al., 2006; Crisford et al., 2018; Johnson et al., 1996; Rao et al., 2011; Rivard et al.,

2010; Weeks et al., 2016; Wilecki et al., 2015)

48



Fig. 5. Serotonergic regulatory pathway of Pristionchus pacificus

P, pacificus displays two different mouth morphs, eurystomatous (wide mouth) and

stenostomatous (narrow mouth). Eurystomatous worms (left) display predatory behavior,

feeding on other nematodes, along with bacterial feeding, while stenostomatous worms (right)

only feed on bacterial food. Several neurons have been identified as serotonergic neurons in P,

pacificus. NSM and ADF neurons synthesize serotonin catalyzed by Ppa-TPH-1 and Ppa-BAS-1.

Serotonin affects both bacterial feeding with fast pumping of the corpus and predatory feeding

with coordinated movement of the corpus and teeth. NSM and ADF are critical for this

coordination. Red represents the contribution of serotonin to these movements.
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