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ABSTRACT OF THE DISSERTATION 

Exploring the neural basis of chemosensory behaviors in Caenorhabditis elegans:  

How context and experience shape sensory perception 

by 

Manon Guillermin 

Doctor of Philosophy in Microbiology, Immunology and Molecular Genetics 

University of California, Los Angeles, 2018 

Professor Elissa A. Hallem, Chair 

Adaptability is essential to organisms’ fitness and survival. Evolutionary success 

depends on access to an array of behavioral choices in the face of changing 

environmental conditions. To navigate complex landscapes, organisms can interpret the 

significance of sensory stimuli, and assign context-appropriate valence, by integrating 

factors such as cues from their internal and external environments, and memories of 

previously experienced conditions, to dynamically shape neural circuits and generate 

ethologically relevant behaviors. In this thesis, I explore the cellular and molecular 

mechanisms that shape the carbon dioxide (CO2) circuit in the free-living nematode, 

Caenorhabditis elegans. CO2 is a complex sensory cue that can signify the presence of 

fruitful or dangerous surroundings. As a result, C. elegans can display a variety of 

different behaviors in response to CO2, from robust attraction to robust avoidance. 

Although sensory signaling of the CO2-responsive BAG neurons has been extensively 

characterized, how BAG communicates with postsynaptic interneurons, and how the 
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CO2 signal is propagated through the nervous system to generate a context-appropriate 

behavior is unknown. First, we have found that neuromodulatory state and 

environmental oxygen (O2) levels converge on the CO2 circuit via the URX sensory 

neurons. The lab-derived N2 C. elegans strain expresses high levels of NPR-1 

neuropeptide receptor, which inhibits URX and results in CO2 avoidance, regardless of 

environmental O2. In the C. elegans wild isolate “Hawaii”, loss of npr-1 leads to 

modulation of URX by environmental O2, and results in CO2 avoidance at low O2, and 

loss of CO2-evoked behavior at high O2. Second, we present a new circuit motif that 

demonstrates how divergent responses to a single sensory input, CO2, can arise from 

an identical set of sensory and interneuron connections. We show that C. elegans 

exhibit an experience-dependent behavioral valence switch in response to CO2. While 

animals raised at ambient CO2 are repelled by CO2, animals raised in a high CO2 

environment are attracted to CO2. Whether CO2 is attractive or repulsive is determined 

by the coordinated activity of specialized valence-encoding interneurons, AIY, RIG, and 

RIA, whose responses are subject to context-dependent modulation. An additional 

interneuron pair, AIZ, regulates behavioral sensitivity regardless of valence. 

Glutamatergic and neuropeptidergic signaling mediate both CO2 avoidance and 

attraction, and different neuropeptides play distinct roles in regulating valence and 

sensitivity. Our results elucidate a microcircuit motif whereby a fixed set of neurons are 

leveraged to generate alternative outputs in response to a single chemosensory input. 
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Chapter 1: Introduction 
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Investigating the neural basis of behavioral plasticity in Caenorhabditis elegans 

For all animals, the capacity to keep pace with fluctuating environmental conditions, 

over long and short timescales, and shape appropriate behaviors determines 

reproductive success and survival. An important challenge in neuroscience is 

investigating how adaptive behavioral responses are generated from fixed neural 

circuits. Rapid behavioral switching provides a unique opportunity to examine how the 

computational capacity of a fixed neuroanatomy is increased to engender behavioral 

plasticity. This type of circuit flexibility, and the corresponding ability to extract relevant 

sensory information from the environment to regulate behaviors accordingly, is essential 

for human cognitive function. Deficits in set-shifting – the ability to alter a behavioral 

response in order to adapt to changing contingencies (Monchi et al., 2004) – has been 

well documented in many psychiatric disorders, most notably schizophrenia and 

Parkinson’s disease (Dirnberger and Jahanshahi, 2013; Gold et al., 2008; Pantelis et 

al., 1999; Strauss et al., 2011). However, the underlying molecular, cellular, and 

network level mechanisms that translate sensory signals and modulate downstream 

processing programs to generate context-appropriate behaviors remain poorly 

understood. 

The free-living nematode, Caenorhabditis elegans, is a powerful model for studying the 

molecular and neural circuit mechanisms that drive behavioral plasticity. The complete 

reconstruction of the C. elegans connectome (Varshney et al., 2011; White et al., 1986) 

provides a framework to examine the flow of information originating at the sensory 

neurons and descending through extensively interconnected interneurons to motor 

neurons that direct appropriate behaviors. However, current research has demonstrated 
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that the anatomical wiring map is only a starting point for understanding how sensory 

information evokes context-dependent behaviors. Neuromodulators act on this 

framework to rapidly alter microcircuit function and generate context-dependent 

responses to many sensory stimuli (Bargmann, 2012; Bentley et al., 2016; Hobert, 

2003; Rengarajan and Hallem, 2016). An extensive set of genetic and molecular tools 

enable analysis of circuit function at single neuron resolution. Recent technical 

advances in calcium imaging (Ben Arous et al., 2010; Chronis et al., 2007; Kerr and 

Schafer, 2006; Nguyen et al., 2015; Schrödel et al., 2013; Zheng et al., 2012), cell-

specific silencing/ablation (Pokala et al., 2014; Qi et al., 2012; Schiavo et al., 1992), as 

well as optogenetics (Leifer et al., 2011; Nagel et al., 2005; Stirman et al., 2011) offer 

novel ways to probe neural circuit function, namely, neuronal activity can be observed 

and manipulated in neuron populations, as well as in single neurons, in stationary and 

freely moving C. elegans. Since similar microcircuit motifs are found in C. elegans and 

mammals (Milo et al., 2002; Song et al., 2005; Zhang et al., 2008), mechanisms that 

drive microcircuit flexibility in C. elegans may also operate in higher-order nervous 

systems. 

Despite its simple nervous system, C. elegans perceive a number of environmental 

stimuli - light, temperature, touch, and chemicals - and display a complex behavioral 

repertoire ranging from motor and sensory behaviors, termed “escape” and “habitat and 

resource localization” behaviors, to the so-called “housekeeping” behaviors including 

mating, social, and sleep behaviors (Faumont et al., 2012). Like many organisms, C. 

elegans modulate behavioral responses based on experience as well as internal and 

external contexts (Hobert, 2003). C. elegans generate learned associations between 
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food cues and environmental conditions, including salt concentration (Bargmann and 

Horvitz, 1991; Kunitomo et al., 2013; Saeki et al., 2001), oxygen (O2) concentration 

(Cheung et al., 2005), and temperature (Hedgecock and Russell, 1975; Kimata et al., 

2012; Kuhara et al., 2008; Mori and Ohshima, 1995) and adjusts its behavioral 

responses to these conditions accordingly. For example, C. elegans cultivated at a 

certain temperature for 3 hours, in the presence of food, will record and store 

temperature information, and subsequently migrate to their memorized temperature 

when placed on a temperature gradient (Kimata et al., 2012). Similarly, C. elegans in a 

salt gradient will migrate towards the salt concentration recorded and stored during 

cultivation (Kunitomo et al., 2013). However, starvation produces the opposite effect. If 

cultivated without bacteria, C. elegans avoid cultivation temperature and salt 

concentration (Mohri et al., 2005; Saeki et al., 2001). For these reasons, I used C. 

elegans to examine the circuit mechanisms that encode behavioral variability, by 

investigating how a single sensory input propagates through the nervous system and 

transforms into different patterns of output activity.  

Carbon Dioxide: an ethologically complex sensory cue 

The response of C. elegans to carbon dioxide (CO2) can be used as a model for 

investigating how microcircuits generate alternative behavioral outputs. As a byproduct 

of respiration, CO2 is fundamentally involved in metabolism, and is monitored internally 

and externally by organisms that rely on aerobic respiration. In addition, changes in CO2 

concentration can signal both favorable conditions such as food quality, food availability, 

and the presence of conspecifics, as well as unfavorable conditions such as the 

presence of predators or pathogens (Brandt and Ringstad, 2015; Carrillo and Hallem, 
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2015; Scott, 2011). Therefore, the ability to rapidly alter CO2 response valence may be 

essential for survival. Although atmospheric CO2 is only 0.038%, higher levels have 

been recorded in environments with higher respiration rates (Lahiri and Forster, 2003). 

In bee hives, CO2 concentrations can reach 4% (Seeley, 1974), and in termite nests, 

CO2 concentrations ranging from 0.3% to 15% have been recorded (Ziesmann, 1996). 

In the wild, C. elegans primarily inhabit soil environments rich in rotting organic matter, 

where they feed on bacteria and other microorganisms (Félix and Duveau, 2012; 

Hodgkin and Doniach, 1997; Kiontke et al., 2011). In this niche, O2 and CO2 levels can 

fluctuate significantly, with O2 levels falling far below 21% and CO2 levels rising above 

10% (Anderson and Ultsch, 1987; Barrière and Félix, 2005; Burg and Burg, 1965; Félix 

and Braendle, 2010; Félix and Duveau, 2012). 

CO2-sensing across species 

Humans have developed sophisticated mechanisms to monitor internal O2 levels. O2 is 

detected by chemoreceptors in the carotid body, which triggers an increase in 

respiration rate (Ma and Ringstad, 2012). In contrast, CO2 is undetectable and odorless 

in humans at concentrations below 30%. Higher CO2 concentrations elicit a painful 

reaction triggered by the trigeminal, rather than olfactory, system (Bensafi et al., 2008; 

Shusterman and Avila, 2003). Nevertheless, defective response to changes in O2 and 

CO2 concentrations are involved in a number of blood diseases, behavioral disorders, 

neurodegeneration and cancer (Quaegebeur and Carmeliet, 2010; Semenza et al., 

2011). In contrast to humans, studies show that many species of vertebrates and 

invertebrates are extremely sensitive to their CO2 environment (Jones, 2013). In rats 

and bullfrogs, 0.5% CO2 elicits responses in olfactory epithelium cells (Coates and 
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Ballam, 1990; Youngentob et al., 1991), and the hawkmoth Manduca sexta uses 

increasing CO2 as a factor in flower selection. In addition, several blood-feeding insects 

follow CO2 gradients as part of host-seeking behavior. Tsetse flies (Voskamp et al., 

1999) (sleeping sickness) and sandflies (Pinto et al., 2001) (leishmaniasis), as well as 

the malaria-carrying mosquito Anopheles gambiae (Healy and Copland, 1995), the 

dengue/yellow fever-causing mosquito Aedes aegypti (Eiras and Jepson, 1991), ticks 

(Steullet and Guerin, 1992) and fleas (Benton and Lee, 1965) are all attracted to CO2, 

which can be exhaled at concentrations reaching 4-5% during respiration in mammals 

(Pleil and Lindstrom, 1995). In the honeybee, Apis mellifera, rising CO2 levels elicit a 

recruitment of worker bees and increased wing-fanning behavior to ventilate the hive 

(Seeley, 1974). And in mice, levels of CO2 above 10% elicit a fear/avoidance response 

(Ziemann et al., 2009).  

Mice detect near-atmospheric concentrations of CO2 (0.066% CO2) using a specialized 

subset of olfactory sensory neurons (OSNs) enriched in carbonic anhydrase-2 (CAII), 

an enzyme that catalyzes the hydration of CO2 to generate H+ and HCO3
- (Hu et al., 

2007). Bicarbonate ions activate OSNs by stimulating a guanylate cyclase, GC-D, 

opening CNGA3 channels and leading to cell depolarization (Guo et al., 2009; Han and 

Luo, 2010; Sun et al., 2009). These CO2-sensing OSNs are unique in the way they 

project their axons to a series of caudal glomeruli termed necklace glomeruli, instead of 

a single glomerulus, as is usually seen with olfactory neurons expressing the same 

receptor (Luo, 2008; Walz et al., 2007). In humans, the GC-D homolog is a 

pseudogene, which offers some insight into their lack of CO2 detection capability 

(Torrents et al., 2003; Young et al., 2007). 



7 
 

In Drosophila melanogaster, CO2 concentrations 0.02% above atmospheric levels elicit 

an innate avoidance response (Bräcker et al., 2013). However, changes in locomotory 

state can trigger a context-dependent behavioral switch. CO2 is aversive in walking flies, 

but elicits an attractive response in flight. CO2 triggers avoidance in walking flies at 

concentrations as low as 0.1% CO2 (Suh et al., 2004), but attraction when presented 

with a plume of 100% CO2 while in flight (Wasserman et al., 2013). As seen in 

mammals, CO2 avoidance in D. melanogaster is mediated by a set of dedicated CO2-

sensing olfactory neurons: the ab1c sensilla neurons on the antennae that project to the 

V glomerulus. These CO2-sensing neurons express two gustatory receptors, Gr21a and 

Gr63a, which are required for CO2 detection (Jones et al., 2007; Kwon et al., 2007). 

However, avoidance and attraction are thought to be mediated by independent 

pathways. CO2 attraction does not require output from Gr21a and Gr63a-expressiong 

OSNs, and instead relies on signaling through the acid sensor Ir64a, as well as the 

olfactory co-receptor Orco and octopamine signaling (Wasserman et al., 2013). Thus, in 

D. melanogaster, attractive and aversive CO2 response behaviors arise from 

segregated circuits. 

CO2-sensing in Caenorhabditis elegans 

Nematodes like C. elegans do not have specialized circulatory or respiratory systems, 

but instead rely on passive diffusion to exchange respiratory gases (Lee and Atkinson, 

1977). Therefore, they can only control internal O2/CO2 concentrations by migrating to 

environments with optimal O2/CO2 concentrations. This highlights the importance of a 

sensitive O2/CO2-sensing mechanism to increase its chances of survival. In C. elegans, 

CO2 detection requires the receptor-type guanylate cyclase GCY-9, expressed in the 
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pair of sensory BAG neurons (Hallem et al., 2011b; Hallem and Sternberg, 2008; Smith 

et al., 2013), as well as the cGMP-gated ion channel subunits TAX-2 and TAX-4 

(Bretscher et al., 2008; Hallem et al., 2011b; Hallem and Sternberg, 2008). As 

mentioned above, CO2-sensitive neurons in the rodent olfactory system also express a 

guanylate cyclase, GC-D, (Hu et al., 2007), which acts as a receptor for the CO2 

metabolite bicarbonate (Guo et al., 2009; Sun et al., 2009). In contrast, the guanylate 

cyclase GCY-9 in C. elegans has been shown to bind molecular CO2 (Smith et al., 

2013). However, the parallel use of guanylate cyclases suggests that CO2-sensing 

mechanisms may be conserved in nematodes and mammals. In addition, the BAG 

neurons also express a carbonic anhydrase, CAH-2 (Bretscher et al., 2011), also found 

in the rodent CO2 detection pathway. 

Circuit mechanisms of attractive and aversive olfactory responses  

Research into the neuronal basis of innate sensory preferences has revealed - in 

mammals, insects, and nematodes - the existence of dedicated neuronal populations, or 

individual neurons, preferentially coded for attraction or aversion to specific stimuli 

(Marella et al., 2006; Mueller et al., 2005; Root et al., 2014; Tobin et al., 2002; Troemel 

et al., 1997; Yarmolinsky et al., 2009; Zhao et al., 2003). In mice, projections from the 

olfactory bulb to the cortical amygdala are spatially stereotyped, suggesting that 

encoding of attractive and aversive odors is topographically distinct. Indeed, it has been 

demonstrated that 2,3,5-trimethyl-3-thiazoline (TMT), which elicits an aversive 

response, and 2-phenylethanol, which elicits an attractive response, activate 

anatomically segregated neuronal population in the cortical amygdala (Root et al., 

2014). Furthermore, it has been demonstrated that this organization is conserved in 
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cases where a single stimulus can elicit both attractive and aversive responses. In rats, 

infant-directed aggression is prevalent in males and virgin females, in contrast to active 

parental care displayed by postpartum and “sensitized” females, i.e. virgin females that 

have had continuous exposure to pups. The control of pup-elicited behavior appears to 

be mediated by two competing pathways: an aversive circuit seen in males and virgin 

females is primarily innervated by vomeronasal inputs, is dominant, and suppresses a 

facilitative circuit. In sensitized females and female rats that have experienced 

pregnancy, hormonal and neuromodulatory factors activate the facilitative circuit, which 

silences the aversive circuit (Dulac et al., 2014). 

In C. elegans, specific sensory neurons have also been linked to particular behavioral 

outputs: AWA and AWC olfactory neurons mediate responses to attractive odorants, 

while the AWB, ASH and ADL sensory neurons mediate avoidance of noxious stimuli 

(Bargmann et al., 1993; Chao et al., 2004; Troemel et al., 1997). The intrinsic property 

of these neurons was demonstrated by an experiment in which the G-protein coupled 

olfactory receptor ODR-10, which is endogenously expressed in AWA and mediates 

attraction to diacetyl, was expressed in AWB, leading to diacetyl avoidance (Sengupta 

et al., 1996; Troemel et al., 1997). The revelation of odor-concentration dependent 

functional segregation of these sensory neurons further illustrates the application of the 

labelled-line theory to C. elegans sensory behaviors. Isoamyl alcohol is a chemical cue 

that elicits both attraction and avoidance in C. elegans. At low concentrations, AWC 

mediates attraction to isoamyl alcohol, and at high concentrations ASH mediates 

avoidance (Yoshida et al., 2012). Similarly, sensing of high salt vs low salt also requires 

two different circuits. In animals raised at high salt, the sensory neuron ASE and the 
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interneuron AIB respond to decreases in salt concentration to redirect animals towards 

areas of high salt concentration. In contrast, in animals raised in low salt environments, 

only ASE responds to changes in salt concentration (Kunitomo et al., 2013). 

Investigation into the C. elegans pheromone-sensing circuit has demonstrated a 

mechanism whereby more nuanced behaviors can arise. In the RMG “hub-and-spoke’ 

circuit, a spectrum of behaviors is determined by the antagonistic relationship between 

ADL, the sensory neuron that promotes pheromone avoidance, and the downstream 

interneuron RMG’s gap junction circuit which promotes pheromone attraction by 

potentiating signaling from the sensory neuron ASK (Jang et al., 2012; Macosko et al., 

2009). The combination of activity between attraction and avoidance neurons creates a 

push-pull circuit motif that enables a single sensory input to give rise to multiple 

behavioral outputs. 

Still, the flexibility and breadth of animal behaviors suggests that innate sensory 

pathways must be subject to context-dependent modification, and that neuronal 

mechanisms facilitating multifunctionality must exist. Closer examination of the ASH 

sensory neuron has provided one such example. Although classically known as an 

avoidance neuron, ASH has been shown to mediate attraction at low concentrations of 

1-octanol as well as avoidance at high concentrations of 1-octanol. This is due to the 

expression of two functionally diverse receptors, one which inhibits aversive responses 

at low 1-octanol levels, and another which antagonizes this inhibition at high 1-octanol 

levels (Mills et al., 2011; Wragg et al., 2007). It remains to be seen how these 

responses are shaped at the interneuron and motorneuron level.  
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In this thesis, I explore how context can alter the perception of sensory cues, leading to 

behavioral shifts, and how behavioral flexibility is encoded in the nervous system. We 

asked what neuronal mechanisms transform sensory experience into coding which 

determines attractive or repulsive behavioral states. I have examined the cellular and 

molecular mechanisms that shape a CO2 circuit in C. elegans capable of integrating 

environmental cues to elicit context-appropriate behavioral CO2 responses. The CO2 

circuit design I present in the following chapters offers new insights into potential 

configurations for circuits mediating divergent behaviors, and represents a previously 

unrecognized microcircuit motif for generating rapid changes in innate chemosensory 

valence. Although extensive evidence has shown the ways in which specialized 

neurons direct discrete behaviors, the CO2-sensing circuit reveals built-in mechanisms 

of efficiency within the nervous system. We observe through these studies, that a single 

circuit capable of generating a spectrum of possible behaviors in response to the same 

chemosensory stimulus bolsters plasticity against the limitations of the labelled line 

theory, and suggests a novel neuronal paradigm for the generation of context-

dependent behaviors. 
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Chapter 2: O2-sensing neurons control CO2 response in C. elegans 
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Follow-up for Carrillo, Guillermin et al 2013. 

The results of this study implicate the URX-expressed neuropeptides FLP-8 and FLP-19 

in the O2-dependent modulation of CO2 response in npr-1(lf) animals. Since both flp-8 

and flp-19 are expressed in multiple sensory and interneurons (Kim and Li, 2004), we 

rescued flp-19 expression in the URX neurons to determine whether flp-19 regulates 

CO2 avoidance specifically via the URX neurons (Figure 7). We found that expression of 

flp-19 under the control of the URX-specific promoter, gcy-36, in the npr-1(lf) flp-19 

double mutants rescued the inhibition of CO2 avoidance. Our results demonstrate that 

O2-dependent regulation of CO2 response requires expression of flp-19 in the URX 

neurons. The same rescue experiments will have to be done with flp-8 to determine if 

flp-8 also acts directly in the URX neurons. It is important to note, however, that these 

rescue experiments do not directly confirm the either neuropeptide acts in URX under 

normal conditions, but may only demonstrate that the expression of these 

neuropeptides is sufficient to regulate CO2 response. Alternatively, cell-specific RNAi 

knock-down of flp-19 and flp-8 will show specifically the relevance of URX-derived 

neuropeptides in regulating CO2 response. Subsequently, we will have to determine the 

neuronal targets of flp-8 and flp-19, which may also serve as points of integration for 

URX signaling within the CO2 circuit. To that end, we have begun elucidating the 

cognate receptors for flp-8 and flp-19. We have conducted a screen of GPCR mutants, 

crossed to npr-1(lf) animals, and searched for mutants which phenocopied the npr-1 flp-

8 and npr-1 flp-19 double mutants (Figure 8). Our screen revealed that a mutation in the 

neuropeptide receptor npr-5 rescues CO2 avoidance in npr-1(lf) animals. More 

extensive work will have to be done to determine whether npr-5 is a receptor for flp-8, 
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flp-19, or perhaps a neuropeptide we have yet to identify. In parallel, individually 

ablating cells that express npr-5 in npr-1(lf) animals and subsequently testing CO2 

response in these animals will help to determine where npr-5 may be acting to regulate 

CO2 behavior. Following these experiments, cell-specific rescue of npr-5 in npr-5; npr-

1(lf) animals will be required to further confirm where flp-8 or flp-19 may be acting to 

modulate URX-mediated O2-dependent regulation of CO2 response behavior. In 

addition, since the URX neurons have several downstream interneurons in common 

with the BAG neurons (Figure 9), examining those interneurons may reveal how the 

URX neurons regulate the CO2 circuit. URX synapses onto RIG, RIA, and AIZ which we 

have demonstrated regulate CO2 response (Guillermin et al., 2017). Measuring CO2-

evoked activity in RIG, RIA and AIZ in npr-1(lf) animals under high and low O2 

conditions would indicate whether URX may be regulating CO2 response through 

signaling to either of these interneurons. Although not directly connected to the URX 

neurons, recent evidence has shown that the AIY interneurons regulate O2-evoked 

behaviors in npr-1(lf) animals (Laurent et al., 2015). In this case, the URX neurons may 

be regulating AIY through neuromodulatory signaling. Measuring the CO2-evoked 

activity of AIY in npr-1(lf) animals under high and low O2 conditions would indicate 

whether AIY activity reflects O2 conditions in order to regulate CO2 response behavior. 

Together, these experiments will expand on our knowledge of mechanisms that drive 

multisensory integration, by offering insight into the cellular and molecular signaling 

pathways which underlie the integration of environmental O2 levels into the CO2 circuit. 
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Figure 7. URX-specific expression of flp-19 rescues npr-1(lf) CO2 response. The 

URX-specific promoter gcy-36 was used to express flp-19 in npr-1(lf)flp-19 animals. 

n=8-10 trials per genotype. Assays were done using 10% CO2, 10% O2, balance N2 mix. 

Error bars represent SEM. 
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Figure 8. An npr-5 mutation rescues CO2 avoidance behavior in npr-1(lf) mutants. 

We screened five GPCR mutants, crossed to npr-1(lf), for double mutants which would 

phenocopy npr-1 flp-8 and npr-1 flp-19 CO2 responses. The npr-5; npr-1 double mutant 

exhibited CO2 avoidance behavior, in contrast to the neutral response of npr-1(lf) 

animals. Assays were done using 10% CO2, 10% O2, balance N2 mix. n=4-24 trials per 

genotype. *p<0.05, **p<0.01, ***p<0.001, Kruskal-Wallis test with Dunn’s post-test. 

Error bars represent SEM. 
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Figure 9. Structural connectivity of the CO2-detecting BAG neurons and O2-

detecting URX neurons (White et al., 1986; Xu et al., 2013). Arrow thickness reflects 

the number of synaptic connections (1-2 synapses, 4-7 synapses, or 10+ synapses) 

from BAG and URX to the downstream interneurons. Both BAG and URX are also 

presynaptic to interneurons not shown here. 
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Chapter 3: A single set of interneurons drives opposite behaviors in 

C. elegans 
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Chapter 4: Conclusions and future work 
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Tailoring behavioral choice to changing environmental conditions is essential to survival. 

Behavioral adaptations arise in part from the flexibility of individual neural microcircuits. 

Over the course of these studies, we have investigated the fundamental mechanisms 

that drive neural microcircuit reconfiguration, and lead to the generation of context-

appropriate functional outputs. For C. elegans, we have demonstrated that the CO2 

circuit is dynamically regulated to reflect the complex nature of this chemosensory cue, 

resulting in many possible behavioral outcomes. In the CO2 circuit, context and 

experience are integrated to interpret the ethological significance of CO2 at any given 

time, and drive appropriate behavioral choices. We have elucidated a flexible 

microcircuit that is capable of driving both attraction and avoidance behaviors in 

response to CO2. Our circuit model proposes that the same sensory neuron and 

interneuron connections produce alternative circuit configurations that generate different 

behavioral outcomes in response to different environmental conditions.  

In the microenvironment of fallen rotting fruit, where C. elegans is typically found, 

CO2 concentrations are highly variable. Although the level of atmospheric CO2 is only 

0.038% (Scott, 2011), in these environments CO2 levels can rise above 10% (Burg and 

Burg, 1965). We have found that C. elegans retains a memory of the environmental 

CO2 levels to which it has been exposed and reacts to CO2 gradients accordingly. 

Animals cultivated at ambient CO2 are repelled by CO2, while animals cultivated at high 

CO2 are attracted to CO2. CO2 response valence is flexible and can change over the 

course of a few hours following a change in cultivation conditions. We have linked these 

ethologically relevant changes in behavior to a highly flexible microcircuit that drives 

both attractive and aversive responses to CO2. In addition, CO2 cultivation conditions 
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affect sensitivity to CO2: animals cultivated at high CO2 show enhanced sensitivity to 

CO2 relative to animals cultivated at ambient CO2. Furthermore, the change in 

sensitivity occurs rapidly, as it takes only 3-6 hours for animals transferred from ambient 

to high CO2 to display attraction as robust as animals raised at high CO2. In contrast, 

many organisms display reduced sensitivity to an olfactory stimulus (Dalton, 2000) or to 

CO2 (Dennis et al., 2016; Sachse et al., 2007) following prolonged exposure, likely due 

to adaptation. C. elegans may respond differently to prolonged CO2 exposure as a 

result of the high CO2 environment it inhabits.  

 

A single microcircuit drives CO2 attraction and repulsion 

We analyzed the functional connectivity between BAG and its downstream interneurons 

to determine how CO2 is transformed from a chemosensory cue into multiple behaviors. 

We examined the neural basis of CO2 response and found that both CO2 attraction and 

repulsion are mediated by a microcircuit consisting of the BAG sensory neurons and 

four postsynaptic interneuron pairs: AIY, AIZ, RIA, and RIG. Our results suggest that the 

specific behavioral response to CO2 is determined by the coordinated activity of the four 

interneuron types, two of which are capable of showing both CO2-evoked excitation and 

CO2-evoked inhibition. CO2 avoidance results from activation of RIA and RIG, and 

inhibition of AIY; in contrast, CO2 attraction results from activation of AIY, inhibition of 

RIA, and silencing of RIG. The fourth interneuron pair, AIZ, regulates sensitivity 

regardless of valence. Thus, CO2 response occurs via an alternative mechanism of 

valence determination in which the same interneurons contribute to both attractive and 

aversive responses through modulation of the sensory neuron to interneuron synapse.  
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An important proof of concept experiment that remains to be performed is the 

optogenetic activation (using ChR2), and hyperpolarization (using NpHR), of AIY, RIG 

and RIA to confirm our cooperative model of interneuron interactions (Kocabas et al., 

2012; Kuhara et al., 2011). We expect that attraction behavior will be recapitulated with 

the photostimulated activation of AIY and hyperpolarization of RIA, while avoidance 

behavior will be recapitulated by the hyperpolarization of AIY and the activation of RIA 

and RIG. These results will further confirm the validity of our proposed circuit 

mechanism. 

Over course of this study, however, we observed no cases in which ablation or silencing 

of a single interneuron pair resulted in complete elimination of CO2 avoidance or 

attraction behavior. This suggests that, either, all three interneurons: AIY, RIA and RIG, 

need to be ablated to eliminate CO2 response, or that other interneurons may act 

redundantly or in addition to the interneurons we have highlighted here. The highly 

interconnected nature of the C. elegans nervous system suggests that other 

interneurons may also contribute to experience-dependent changes in CO2 response 

valence. To determine the full complement of interneurons involved in the CO2 circuit, 

we will ablate or silence multiple interneurons at a time, and look for interneuron 

combinations that result in complete loss of avoidance or attractive behavior. For 

example, we will ablate both RIG and RIA to determine if together they can recapitulate 

the entire CO2 avoidance behavior.  

Several other sensory neuron pairs show CO2-evoked activity, and have been 

implicated in CO2 sensing (Fenk and de Bono, 2015). This is consistent with other 

sensory modalities, such as oxygen sensing and thermosensation, whose circuits also 
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implicate multiple sensory neurons (Aoki and Mori, 2015; Chang et al., 2006). The 

interneurons downstream of these additional sensory neurons could also be 

investigated to determine if they regulate CO2 response behaviors in combination with 

AIY, RIG and RIA. 

In addition, the calcium imaging experiments we have presented here were performed 

using stationary animals. To better understand how C. elegans navigates CO2 

gradients, future experiments will attempt to measure the CO2-evoked activity of 

interneurons in freely moving worms, crawling across a CO2 gradient. Observation of 

real-time interneuron activity, as the animals moves through different CO2 

concentrations, will enhance our understanding of how the circuit dynamically regulates 

CO2 response behaviors. 

 

Distinct interneurons in the CO2 microcircuit regulate valence and sensitivity 

The role of the AIZ interneurons in the CO2 microcircuit is qualitatively different from 

those of the AIY, RIA, and RIG interneurons. Whereas AIY, RIA, and RIG regulate 

valence, AIZ regulates behavioral sensitivity regardless of valence. AIZ also differs from 

AIY, RIA and RIG in that its CO2-evoked calcium response is only partly dependent on 

BAG. This suggests that the AIZ interneurons receive input from additional CO2-sensing 

neurons. The AIZ interneurons are postsynaptic to the ASE sensory neurons, and are 

electrically coupled to the ASH sensory neurons through a gap junction. As described 

above, several sensory neuron pairs other than BAG have been implicated in CO2 

sensing, including ASE, ASH, AFD, ADL, ASJ, ASK, and AWC (Bretscher et al., 2011; 

Fenk and de Bono, 2015). These neurons sense other stimuli in addition to CO2, 
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including salt, temperature, pheromones, light, and noxious chemicals. C. elegans must 

navigate complex sensory landscapes, and the potential activation of AIZ by multiple 

sensory neurons suggests that AIZ may serve as a point of integration for interpreting 

CO2 in the context of other environmental stimuli. Measuring the CO2-evoked activity of 

AIZ in ASE- and ASH-ablated animals will determine if the BAG-independent 

component of AIZ’s CO2 response is due to ASE or ASH signaling. Based on these 

results, and what we know about the other sensory modalities regulated by these 

neurons, we will have a better understanding of the stimuli that AIZ integrates to 

modulate different sensory behaviors. 

In addition, the magnitude of the depolarization in AIZ does not differ under ambient vs. 

high CO2 conditions, despite BAG activity being significantly different. These results 

suggest that AIZ activity may be constrained by gain control mechanisms. Similarly, in 

mammals, a subset of DA neurons projecting to the NAc lateral shell are modified by 

both attractive and aversive stimuli and have been proposed to regulate salience 

(Lammel et al., 2011). In addition, dampening sensory responses may result in 

increased behavioral variability at the population level, leading to greater probabilities of 

success in shaping appropriate behaviors. Behavioral variability is an important element 

in determining efficient behavioral strategies and, ultimately, evolutionary success by 

ensuring that a proportion of the population survives even under straining 

circumstances. For example, Gordus et al demonstrated that mechanisms generating 

behavioral variability in response to a single stimulus already exist within the C. elegans 

nervous system (Gordus et al., 2015). They show that probabilistic behaviors arise in 

C. elegans via the integration of sensory input and network states in the interneuron 
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layer. They found that the reliability of C. elegans response to attractive odors sensed 

by the AWC sensory neuron depends on the alternative network states shaped by the 

AIB, RIM and AVA interneurons. In their model, internal network states are a source of 

variability that increases potential behavioral responses to a single stimulus. In our 

model, decreased sensitivity to CO2 may result in increased behavioral variability within 

the population, resulting in a greater likelihood that some members of the population 

survive. Since CO2 is an ambiguous cue for C. elegans, able to signal both positive 

stimuli (food, conspecifics) and negative stimuli (predators, pathogens), it follows that 

increasing response variability in the population, as oppose to a robust, pre-determined 

and unique response, may better serve the population by ensuring a portion survives in 

each case. The sensory dampening produced by the AIZ interneurons in the CO2 circuit 

may serve as an additional mechanism promoting circuit-level variability. 

Mechanistically, the AIZ interneurons may achieve this through interference, as has 

been described in other networks (Gordus et al., 2015). To test this, we can compare 

calcium imaging trials of CO2-evoked activity in AIY, RIG and RIA, in N2 vs AIZ-ablated 

animals, to determine if loss of AIZ leads to more consistent and reliable responses. 

 

The BAG sensory neurons are unique and versatile 

In the CO2-sensing microcircuit we have presented here, both attraction and aversion to 

a single stimulus are encoded by sensory input from the same sensory neurons. Our 

data demonstrates the existence of alternative neural mechanisms that couple a single 

sensory neuron to opposite behaviors. As a result, the BAG neurons are unusual 

among C. elegans chemosensory neurons in the way they mediate both attractive and 
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repulsive responses. Many of the other chemosensory neurons promote either 

attraction or repulsion. The AWA and AWC sensory neurons primarily mediate olfactory 

attraction, while the AWB, ASH, and ADL sensory neurons primarily mediate olfactory 

avoidance (Bargmann et al., 1993; Chao et al., 2004; Troemel et al., 1997). 

Interestingly, although known classically as an attraction olfactory neuron, evidence 

suggests that the AWCON sensory neuron can also mediate both attraction and 

avoidance through separate GCY-28/PKC-1 and DGK-1 pathways (Tsunozaki et al., 

2008). The downstream circuitry mediating this particular attraction and avoidance has 

not yet been elucidated, however further investigation may reveal analogous circuit 

structure to the CO2 microcircuit we have described here.  

Future investigations will determine how the BAG neurons communicate contextual 

changes to the downstream circuit. Our data suggests that signaling of these changes 

occurs downstream of the calcium response. Animals grown at ambient CO2 or high 

CO2 both display robust CO2-evoked depolarization. Activity-dependent regulation of 

neuropeptide expression has been demonstrated in BAG, where expression of the 

neuropeptide FLP-19 is greatly reduced in the absence of the CO2-sensing pathway 

(Romanos et al., 2017). These results raise the possibility that the BAG neurons may be 

releasing different combinations of neuropeptides under different CO2 conditions. 

Transcriptional profiling of BAG neurons in animals raised at ambient CO2 has already 

been performed (Cao et al., 2017; Hallem et al., 2011b). Those results, combined with 

transcriptional profiling of BAG in animals raised at high CO2, will reveal the different 

neuropeptides expressed under each condition and may provide insight into the 

molecular mechanisms that enable the BAG neurons to drive opposing behaviors. 
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Similarities and differences in valence-determining circuit motifs across phyla 

The mechanisms used to encode CO2 response valence are distinct from many other 

chemosensory stimuli, where valence is determined by competition between two 

separate and opposing pathways involving distinct sensory inputs (Dulac et al., 2014; Li 

and Liberles, 2015; Semmelhack and Wang, 2009; Wasserman et al., 2013; Yoshida et 

al., 2012). Valence determination for many chemosensory stimuli is concentration-

dependent such that high stimulus concentrations activate an aversive pathway that 

overrides the low-stimulus-concentration-induced appetitive pathway (Mills et al., 2011; 

Wragg et al., 2007; Yoshida et al., 2012). D. melanogaster is attracted to low 

concentrations of apple cider vinegar but repelled by high concentrations, a change that 

is mediated by the recruitment of a low affinity odorant receptor at high concentrations 

(Semmelhack and Wang, 2009). Attraction to low concentrations of apple cider vinegar 

in flies is mediated by the Or42b and Or92a olfactory receptors, which innervate the 

VA2 and DM1 glomeruli, while aversion to high concentrations of apple cider vinegar 

requires the recruitment of an additional low affinity receptor, Or85a, and the activation 

of an additional glomerulus, DM5 (Semmelhack and Wang, 2009). This example 

highlights an important difference between the circuit mechanism we have presented 

here, and other reported neural mechanisms for valence determination. In contrast to 

the D. melanogaster circuit, where the activation of Or85a and DM5 overrides the 

activity of VA2 and DM1, leading to avoidance, the AIY, RIA and RIG interneurons 

exhibit coordinated activity to drive attraction and avoidance behaviors. In addition, the 

example above describes concentration-dependent changes in apple cider vinegar 
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response valence, whereas CO2 response valence in C. elegans is consistent across a 

wide range of concentrations. Furthermore, evidence has shown that projections from 

individual glomeruli associated with odor attraction and aversion target topographically 

distinct regions of the lateral horn, suggesting valence is encoded in segregated areas 

of the nervous system (Li and Liberles, 2015). This contrasts with our study, which 

describes a circuit mechanism whereby valence is encoded by the coordinated activity 

of the same set of interneurons.  

The activity of the RIA interneurons is similar to the pattern of activity seen in certain 

mushroom body output neurons in D. melanogaster (Owald et al., 2015). Odor detection 

in D. melanogaster is mediated by OSNs found in antennae and maxillary palps, whose 

axons project to unique glomeruli, and whose activity is relayed to excitatory and 

inhibitory projection neurons. These projection neurons transmit odor information to 

neurons in the mushroom body and lateral horn. In the mushroom body, Kenyon cells 

converge onto downstream output neurons. Similar to ablation of the RIA interneurons, 

specific inhibition of the glutamatergic mushroom body output neurons M4β/MBON-

β2β’2a, M4β’/MBON- β’2mp and M6/MBON-γ5 β’2a transforms avoidance to attraction. 

In addition, activation of M4β/MBON-β2β’2a, M4β’/MBON- β’2mp and M6/MBON-γ5 

β’2a drives avoidance behavior. Furthermore, inhibition of the mushroom body output 

neurons MB-V2α/MBON-α2sc, MB-V2α’/MBON-α’3, and MB-V3/MBON-α3 has no effect 

on odor avoidance behavior, suggesting functional specificity of M4β/MBON-β2β’2a, 

M4β’/MBON- β’2mp and M6/MBON-γ5 β’2a’s avoidance-promoting activity. Although 

specific odor-attraction and odor-avoidance sensory neurons have already been 

demonstrated in C. elegans, the existence of similar avoidance-specific downstream 
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neurons in C. elegans and D. melanogaster suggests that valence-deterministic 

neurons may be conserved across phyla. However, an important distinction between 

these two circuit motifs must be highlighted. In our study of the C. elegans CO2 circuit, 

we have been investigating a sensory stimulus with an innate valence, whereas the D. 

melanogaster study looked at a learned association and a conditioned stimulus with an 

otherwise neutral odor. 

Our data reveal a model in which opposing behaviors are generated from a single set of 

interneurons, and determined by the combined context-dependent activity of these 

interneurons. This contrasts with examples in which behaviors of opposing valence are 

mediated by separate circuits. In mammals, evidence has demonstrated that similar 

neuron subtypes, but distinct neuronal populations in the mammalian nucleus 

accumbens (NAc) can regulate opposing behaviors (Al-hasani et al., 2015). Activating 

dynorphin-expressing neurons in the ventral NAc shell results in kappa opioid receptor 

(KOR)-dependent aversive behaviors, while activating dynorphin-expressing neurons in 

the dorsal NAc shell results in KOR-dependent reward-seeking behavior. Additionally, 

attractive and aversive behaviors are both regulated by postsynaptic KORs, which 

suggests that discrete subpopulations of KOR-expressing cells also mediate opposing 

valence through topographic and functional specificity. Reports have also revealed 

distinct subpopulations of dopaminergic (DA) neurons that mediate attractive and 

aversive behaviors (Matsumoto and Hikosaka, 2009). One study showed selective 

modification of excitatory synapses in a population of DA neurons projecting to the NAc 

medial shell by the administration of appetitive stimulus such as cocaine, while an 

aversive stimulus results in the modification of synapses of DA neurons projecting to the 
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medial prefrontal cortex, suggesting that distinct population of DA neurons are regulated 

by opposing stimuli (Lammel et al., 2011). In these examples, similar neuron subtypes, 

but distinct neuronal populations, regulate opposing behaviors. This differs from our 

circuit model, in which the same population of interneurons regulates opposing 

behaviors.  

In the CO2 circuit we have described, the ultimate behavioral outcome is dependent on 

the interneurons’ combined activity states. In other words, the activity state, whether 

depolarized or hyperpolarized, of each interneuron is critical to specify the appropriate 

CO2 response. In mammals and other organisms, it remains to be seen whether 

behavioral outcomes regulated by the neuronal subpopulations described above are the 

result of separate or coordinated activity. In D. melanogaster, investigation into the 

neural basis of mate recognition suggests that this mechanism, whereby a net balance 

of neuronal activity generates specific behavioral outcomes, could be conserved. In 

male flies, mate recognition and discrimination begins by extending a foreleg and 

tapping a target fly’s abdomen to inspect gustatory pheromones. Subsequent entry into 

courtship behavior is gated by olfactory and gustatory pheromones which activate 

excitatory and inhibitory neural pathways and converge onto the male P1 neurons. 

Initiation of courtship behavior is determined by the resulting net balance between 

excitatory and inhibitory activity. Female pheromones, which drive courtship, tend to 

induce net excitation, while male pheromones, which suppress courtship, tend to induce 

net inhibition. However, the P1 neurons integrate both pathways to discriminate 

between many varieties of target flies using the olfactory and gustatory spectrums 

(Clowney et al., 2015). While the mechanism described here, whereby a net balance of 
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neuronal activity regulates final behavioral outcome, may be similar to the C. elegans 

circuit we present, courtship initiation in D. melanogaster is still determined by the 

convergence two separate excitatory and inhibitory circuits, with input from distinct 

sensory neurons, while CO2 response is determined by a unique sensory neuron and a 

single circuit comprised of neurons that are not exclusively excitatory or inhibitory, but 

whose individual excitatory and inhibitory activities shape the final behavior. 

 

Context-dependent modulation of CO2  

We have demonstrated that CO2 response in C. elegans is both experience-dependent, 

based on recently experience CO2 environments, and context-dependent, based on 

neuromodulatory state and immediate O2 environment. Like C. elegans, context-

dependent modulation of CO2 responses also occurs in other organisms. CO2 

avoidance by D. melanogaster and CO2 attraction by the mosquito Aedes aegypti are 

reduced in the presence of food odorants through direct inhibition of CO2-detecting 

sensory neurons (Turner et al., 2011; Turner and Ray, 2009). In D. melanogaster, CO2 

avoidance is attenuated by food odors through a mechanism in which the pathway 

mediating the response to food odors and the pathway mediating CO2 response 

converge in the mushroom body (Bräcker et al., 2013; Lewis et al., 2015). CO2 

response by C. elegans can also be modulated by other sensory stimuli, including O2 

and temperature; however, the circuit mechanisms that mediate these effects are not 

yet clear (Carrillo et al., 2013; Kodama-Namba et al., 2013). Future investigations will 

have to determine how extensive multisensory integration informs CO2 response 

behaviors. 
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Distinct circuit mechanisms fine-tune representations of CO2  

In D. melanogaster, avoidance of low and high concentrations of CO2 is regulated by 

two distinct second-order projection neuron (PN) pathways (Lin et al., 2013). Low 

concentrations of CO2 activate the PNν-1 pathway, whereas high concentrations of CO2 

activate the PNν-2 and PNν-3 pathways, which are also thought to inhibit PNν-1 

pathway-mediated avoidance. This suggests that olfactory stimuli can be modulated by 

context, and significance interpreted more accurately by channeling a sensory input into 

distinct neural pathways. It would be interesting to examine whether this holds true for 

C. elegans as well.  

 

Molecular determinants of CO2 response valence 

Neuropeptides are widely used across phyla to generate rapid, context-dependent 

changes in behavior (Marder, 2012; Marder et al., 2014). Extensive work has 

demonstrated the power of neuromodulators and neuropeptides to increase 

computational power by reconfiguring neural circuits, leading to flexible behaviors 

(Bucher and Marder, 2013; Chen et al., 2013; Harris et al., 2010; Savigner et al., 2009). 

Context- and state-dependent patterns of neuromodulator release confer functional 

flexibility to fixed circuits. The extrasynaptic modulatory network adds a level of 

complexity to the anatomically defined wiring diagram which expands our understanding 

of the mechanisms underlying behavioral plasticity. In C. elegans, neuromodulation via 

the NPR-1 receptor can lead to significantly divergent social and pheromone-driven 

behaviors (Macosko et al., 2009).  Neuromodulators can modify neural circuit output in 
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several ways. They can affect synapse strength and sign through use-dependent 

changes in synaptic strength (Bucher and Marder, 2013), by altering activity through 

increasing or decreasing the strength of ionic currents, eliminating or activating specific 

currents, or changing the voltage- and time- dependence of channel gating (Kaczmarek 

and Levitan, 1986). They can affect multiple subcellular targets with opposing action 

(i.e., they can activate both inward and outward currents at the same time), and alter 

action potential shape and firing rate (Chalasani et al., 2010; Jang et al., 2012; Nadim 

and Bucher, 2014; Tsunozaki et al., 2008). In addition, depending on the network state, 

the same neuromodulator can have opposite effects on synapse strength (Cai et al., 

2002; Gu and Yan, 2004; Sakurai and Katz, 2009). Neuromodulators can affect multiple 

different ion channels, and ion channels can be affected by multiple neuromodulators 

(Bucher and Marder, 2013). The action of different neuromodulators, or a single 

neuromodulator, on the same ion channel, can result in different signs in different 

neurons. This has been demonstrated in the crab stomatogastric ganglion (STG) where 

individual neurons, shaped by sensory activation and the neuromodulatory environment, 

can change functional roles between the pyloric and gastric rhythms (Weimann and 

Marder, 1994). In the crab STG, all pyloric neurons have dopamine (DA) receptors. In 

each neuron, DA modulates a cell-specific combination of ion currents, with the net 

response reflecting the sum of these effects. This results in inhibition of the PD and VD 

neurons, and excitation of the AB, PY and LP neurons (Harris-Warrick and Johnson, 

2010). In addition, every synapse in the network is affected by DA, with some increased 

and some decreased in strength. In these circuits, DA changes the synaptic strength 

and dynamics.  
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In vertebrates as well as invertebrates, serotonin (5-HT) results in increased excitability. 

In the sea slug Aplysia californica, release of 5-HT facilitates L-glutamate-evoked 

excitatory currents by activating protein kinase A (PKA)- and protein kinase C (PKC)- 

induced signaling. This reduces presynaptic potassium current and results in increased 

tail sensory neuron excitability, with the result that tail sensory neuron to motorneuron 

transmission is also increased (Glanzman, 2008; Kempsell and Fieber, 2015; Villareal 

et al., 2009). Similarly, in the crab STG, 5-HT alters the firing properties of several 

neurons. 5-HT enables the DG neuron to generate plateau potentials triggered by 

cholinergic depolarization and enhances bursting in the AB/PD neuron group (Katz, 

1998). In mammals as well, 5-HT has been shown to increase excitability of 

motorneurons by increasing inward currents and decreasing outward currents (Perrier 

et al., 2013). In addition, 5-HT agonists have been shown to significantly increase long-

lasting reflexes associated with persistent calcium currents (Murray et al., 2011).  

Neuromodulators have also been shown to enhance excitatory postsynaptic 

potential (EPSPs) by increasing voltage-gated inward currents. In spinal cord injuries, 

persistent calcium currents are facilitated by the action of norepinephrine on α-

adrenergic receptors, leading to increased EPSPs (Rank et al., 2011). In contrast, 

FMRFamides have been shown to decrease excitability, leading to synaptic depression 

(Schacher et al., 1990; Sun et al., 1996). Similarly, in the D. melanogaster antennal 

lobe, tachykinins (DTKs) released by local interneurons suppress presynaptic calcium 

and synaptic transmission in OSNs (Ignell et al., 2009). In addition, both synaptic 

potentiation and depression have been observed upon activation of dopaminergic 

neurons in D. melanogaster (Cohn et al., 2015). 
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Neuromodulators can also exert presynaptic modulation: they  alter the properties of 

vesicular release by targeting presynaptic Ca2+ influx, proteins in the active zone, and 

the size of the reserve pool (Higley and Sabatini, 2010; Logsdon et al., 2006; Regehr et 

al., 2009). Postsynaptically, neuromodulators can modify the expression and properties 

of transmitter receptors to change postsynaptic responses independent of 

neurotransmitter release (Feng et al., 2001; Sun et al., 2005).The broadest category of 

neuromodulation, referred to as ‘metamodulation’, concerns the modulation of 

neuromodulators themselves (Mesce, 2002; Ribeiro and Sebastião, 2010). This is 

exemplified by nitric oxide, which can modify the modulatory actions of glutamate and 

serotonin (Pinard and Robitaille, 2008).  

As described above, neuromodulators affect circuit function in a myriad of ways, and 

allow small circuits to maximize their adaptive behavioral outcomes. The C. elegans 

genome encodes over 200 neuropeptides (Harris et al., 2010), suggesting that the 

potential for neuromodulation is considerable. The ability of the CO2-sensing 

microcircuit to elicit opposite behaviors suggests that the neuromodulatory environment 

is a key player in coupling this circuit to divergent behaviors. It is plausible that CO2-

evoked, BAG-specific signals to AIY, AIZ, RIA and RIG are regulated by the 

neuromodulatory environment, which tunes the CO2 circuit properties to produce 

appropriate behavioral responses.  

The ability of the BAG neurons to mediate both attractive and repulsive responses could 

involve changes in the neurotransmitter and/or neuropeptide content secreted by BAG; 

changes in receptor expression or function in AIY, RIA, and RIG; and/or changes in 

neuromodulatory input from other regulatory neurons. Our screen of BAG-enriched 



67 
 

neuropeptides revealed a set of functionally diverse neuropeptides that affect CO2 

response valence and sensitivity. Our data demonstrate that BAG mediates both CO2 

avoidance and attraction via neuropeptide and glutamate signaling. In addition, 

following a shift from high to ambient CO2 conditions, the inhibitory glutamate-gated 

chloride channel subunit GLC-3 is required in AIY to promote CO2 repulsion. However, 

glc-3 is not required for CO2 avoidance in animals maintained at ambient CO2, 

suggesting the involvement of other inhibitory receptors in AIY. Transcriptional profiling 

of AIY in animals raised at ambient CO2 could identify potential inhibitory receptors that 

modulate AIY activity at ambient CO2. 

In addition to FLP-17, we identified three BAG-enriched neuropeptides that regulate 

CO2 response. The neuropeptide-like protein NLP-1 reduces avoidance, and the 

FMRFamide-like neuropeptide FLP-16 reduces attraction. Additionally, both attraction 

and avoidance are enhanced by the FMRFamide-like neuropeptide FLP-27.   

We note that NLP-1 is expressed in sensory neurons other than BAG (Chalasani et al., 

2010), and the expression patterns of FLP-16 and FLP-27 are poorly characterized (Li 

and Kim, 2008). The mechanisms by which these neuropeptides act on the CO2 circuit 

remain to be elucidated, and their sites of action have not been determined. They may 

act in a number of ways, including direct action via target neuropeptide receptors, or 

through modulatory action on the synapses between the BAG sensory neurons and the 

AIY, AIZ, RIA and RIG interneurons. Although NLP-1, FLP-16 and FLP-27 are enriched 

in BAG, we cannot exclude the possibility that these neuropeptides modulate valence 

and sensitivity via neurons other than BAG to generate flexible CO2-evoked behaviors. 

Interestingly, our observations regarding neuropeptide action in the CO2 circuit parallel 



68 
 

the patterns of activity we observe in the interneurons. As observed for first-order 

interneurons, some neuropeptides regulate CO2 avoidance, some regulate CO2 

attraction, and some regulate sensitivity regardless of valence. We can determine if 

NLP-1, FLP-16 and FLP-27 act on the CO2 circuit via the BAG neurons, by rescuing 

neuropeptide expression specifically in BAG and testing CO2 response behaviors.  

Although our results raise the possibility that BAG secretes different combinations of 

neuropeptides in animals raised at ambient vs. high CO2 to generate context-dependent 

interneuron responses and CO2-evoked behaviors, both excitatory and inhibitory 

glutamatergic signaling has been well-documented in C. elegans. For example, in the 

C. elegans olfactory microcircuit, glutamate inhibits AIY via the glutamate-gated chloride 

channel GLC-3, but excites AIB via the AMPA-type ionotropic glutamate receptor GLR-1 

(Piggott et al., 2011). Furthermore, excitatory and inhibitory glutamate signaling has 

been shown to act on the same neuron to mediate opposing behaviors. In the neural 

circuit that regulates temperature-seeking behavior in C. elegans, opposing behaviors 

are both regulated by glutamatergic input to AIY: glutamatergic transmission from AFD 

inhibits AIY through GLC-3, leading to cryophilic movement, while glutamatergic 

transmission from AWC stimulates AIY, leading to thermophilic movement (Kimata et 

al., 2012). Therefore, it is possible that expression of glutamate receptors in AIY, as well 

as RIA, may change under low and high CO2 conditions, resulting in alternating BAG-

induced glutamatergic excitation and inhibition. These differential receptor expression 

patterns could be the result of neuromodulatory action.  

Context-dependent modulation of CO2 microcircuit function could also be achieved 

through changes in neuropeptide receptor expression in AIY, RIA and RIG. To 
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determine the molecular mechanisms that drive this unique circuit, we can 

transcriptionally profile AIY, RIA and RIG in animals raised at ambient CO2 and high 

CO2. First, the resulting data will allow us to identify changes in receptor expression 

patterns, which may reveal signaling pathways involved in shaping the different activity 

profiles of each interneuron under both CO2 conditions. Second, knowing the identity of 

the involved receptors in each interneuron under both condition may allow us to identify 

cognate ligands, including neuromodulators, that may be acting on the circuit. Finally, 

we might be able to identify neurons expressing these newly identified neuromodulators 

to find additional neurons acting in the CO2 circuit. Results from transcriptional profiling 

experiments may also identify glutamate receptors and indicate how glutamatergic 

signaling is affecting interneuron activity. 

Implications for parasitic nematodes 

Studying the behavioral response of C. elegans to CO2 has direct implications for 

parasitic nematodes. Human-parasitic nematodes infect over a billion people worldwide 

and cause extensive morbidity, while parasitic nematodes of livestock and crops result 

in billions of dollars in damages each year (Gang and Hallem, 2016; Jasmer et al., 

2003). In contrast, entomopathogenic nematodes (EPNs) are beneficial insect-parasitic 

nematodes that are used as biocontrol agents for insect pests (Gang and Hallem, 

2016). Conservation of sensory neuroanatomy and function across nematode species 

has allowed studies of C. elegans neural circuits to inform studies of parasitic nematode 

neurobiology (Gang and Hallem, 2016). Thus, the mechanisms we have described that 

regulate CO2 response in C. elegans may lead to new strategies for combating harmful 
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nematode infections or increasing the biocontrol efficacy of beneficial nematodes by 

targeting the CO2 microcircuit.  

Many parasitic nematodes use CO2 as a host-seeking cue. In EPNs, CO2 acts in 

combination with insect odors to act as a host cue (Castelletto et al., 2014; Dillman et 

al., 2012). The BAG neurons are required for CO2 response in parasitic nematodes as 

well as C. elegans (Hallem et al., 2011a). In addition, context-dependent changes in 

CO2 response valence occur in some parasitic nematodes (Lee et al., 2016). Due to the 

conserved positional neuroanatomy shared between nematode species, studies of CO2-

sensing in parasitic nematodes are directly informed by understanding the neural basis 

for CO2 behavior in C. elegans. Evidence has already demonstrated conserved 

elements of the CO2-sensing circuit among free-living and parasitic nematode species. 

In the EPNs Steinernema carpocapsae and Heterorhabditis bacteriophora, BAG 

sensory neurons mediate CO2 chemotaxis, as well as CO2-evoked jumping in S. 

carpocapsae (Hallem et al., 2011a). Studies examining salt chemotaxis and thermotaxis 

in mammalian-parasitic nematodes have also demonstrated that sensory neuron 

function appears to be broadly conserved in free-living and parasitic nematodes species 

(Gang and Hallem, 2016). Furthermore, the role of RIA in thermotaxis in both C. 

elegans and H. contortus suggests that interneuron function could be conserved as well 

(Gang and Hallem, 2016; Li et al., 2000). Disrupting host-seeking behavior could be a 

powerful method of preventing devastating infections. The detailed CO2 circuit we 

present here can be used as a guide in elucidating and target the CO2-sensing circuit in 

parasitic nematodes. 

A novel circuit for encoding behavioral flexibility 
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Our results illuminate a novel circuit mechanism whereby a single set of interneurons is 

modulated to generate opposite ethologically relevant behavioral responses to a single 

chemosensory stimulus. We have shown that both attractive and repulsive responses of 

C. elegans to CO2 are mediated by the same sensory neuron and set of downstream 

interneurons. The response properties of the attraction- and avoidance-promoting 

interneurons are flexible and subject to context-dependent modulation. Moreover, the 

activity states of these interneurons form a combinatorial code from which a spectrum of 

CO2-evoked behaviors can emerge. Valence-encoding interneurons also exist in insects 

and mammals (Gore et al., 2015; Knaden and Hansson, 2014; Li and Liberles, 2015; 

Root et al., 2014), but how these neurons respond to context-dependent changes in the 

inherent valence of a chemosensory stimulus remains poorly understood. The finding 

that valence-encoding interneurons in C. elegans can drive opposite responses to the 

same chemosensory stimulus raises the possibility that similar circuit motifs operate in 

higher organisms to generate rapid, context-dependent valence changes. Further 

investigation will have to address the molecular mechanisms that allow context to 

reconfigure the CO2 circuit and generate the alternative circuit states we see, and how 

the CO2-circuit engages with other sensory circuits to reveal an accurate portrait of the 

sensory landscape. We have presented a single motif here; however, future work will 

have to investigate the different types of circuit motifs employed by the nervous system 

to encode flexibility and adaptability. 
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