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Abstract 
 

 Caenorhabditis elegans inhabit heterogeneous environments and are often faced with 

diverse environmental cues. The nematode must modulate behavioural and physiological 

mechanisms to avoid aversive environmental conditions while favouring conditions that promote 

growth. Therefore, organisms must detect environmental cues via sensory neurons, integrate 

sensory evoked signals via interneurons, and modulate downstream pathways dependent on 

environmental context. Internal cues, such as a well fed or starved condition, can also 

reconfigure the neural circuitry. Interneuron AIB functions as an integration hub that integrates 

sensory-evoked signals and fine-tunes locomotory behaviours. 

 Previous work has highlighted that galanin-like G-protein coupled neuropeptide receptor 

NPR-9 and stimulatory glutamate gated cation channel receptor GLR-1 function in anterior 

interneuron AIB. npr-9 loss-of-function and over-expression mutants display abnormal 

spontaneous locomotion patterns. Hence, we evaluated npr-9 and AIB-specific glr-1 mutant 

locomotory phenotypes in response to diverse environmental cues. We have shown that NPR-9 

functions in concert with GLR-1 to regulate AIB activity. We also highlighted that over-

expression of npr-9 interferes with locomotory modulation suggesting that NPR-9 upregulation 

inhibits the capacity of AIB to integrate environmental cues. This phenotype persists in the 

context of starvation suggesting that NPR-9 and AIB are also required for internal cue dependent 

modulation. 

 AIB regulation via NPR-9, serotonin gated chloride channel MOD-1, and tachykinin 

GPCR TKR-2 also regulates lipid metabolism, likely via the control of glutamate release. In the 

context of the locomotory circuit, glutamate release inhibits inter/motor neuron RIM via 

inhibitory glutamate gated chloride channel receptor AVR-14. Transforming growth factor beta 
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(TGF-β) receptor homolog receptor DAF-1 has been found to function in RIM and is regulated 

via glutamatergic signaling. Therefore, we evaluated the influence of AIB glutamate release on 

daf-1 lipid phenotypes. We highlight that diverse receptors in AIB can influence lipid 

metabolism and feeding behaviour, while the influence of starvation also appears to be integrated 

by AIB in the regulation of the aforementioned phenotypes. Collectively, this thesis indicates 

that interneuron AIB integrates diverse signals from sensory neurons to modulate an array of 

behavioural and physiological signaling pathways dependent on internal and external cues.  
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Chapter 1 

Introduction and Literature Review 

1.1 Nematode signaling molecules 

1.1.1 Neuropeptides  

Neuropeptides are short sequences of amino acids which modulate synaptic activity in a 

direct or indirect fashion.  The majority of these neuropeptides are grouped into three classes: 

insulin-like peptides, FMRFamide (Phe-Met-Arg-Phe-NH2) peptides, and neuropeptide-like 

peptides (NLPs).  119 neuropeptide genes and 250 distinct neuropeptides have been identified in 

the Caenorhabditis elegans genome and proteome, respectively. These neuropeptides signal 

through at least 128 G-Protein Coupled Receptors (GPCRs) (Li and Kim, 2008; Frooninckx et 

al., 2012). These neuropeptides are largely expressed in sensory, inter and motorneurons; 

however, neuropeptide expression has also been identified in non-neuronal tissues (Lee and 

Mylonakis, 2017; Banerjee et al., 2017). Nematode neuropeptides have been implicated in the 

majority of behaviours including: locomotion, reproduction, social foraging, environmental 

evoked motor patterns, and even memory (Bendena et al., 2008; Chang et al., 2015; Gloria-Soria 

and Azevedo, 2008; Li et al., 2013). 

Post-translational processing facilitates the production of mature peptides. 

Endoproteolytic cleavage is performed by proprotein convertases encoded by: kpc-1, egl-3/kpc-2, 

aex-5/kpc-3, and bli-4/kpc-4 (Thacker and Rose, 2000). Following the cleavage of precursor 

molecules by proprotein convertases, carboxypeptidase E (EGL-21) removes basic residues 

(Jacob and Kaplan, 2003). Although there are overlapping expression patterns for the proprotein 

convertase genes, loss-of-function analyses of these mutants produce diverse defective 

phenotypes.  
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After posttranslational processing, neuropeptides and neurotransmitters are loaded into 

distinct vesicular types. Bioactive neuropeptides and biogenic amines (serotonin and dopamine) 

are packaged in dense core vesicles (DCVs) produced by the trans-Golgi network, while 

neurotransmitters (e.g. GABA, glutamate, acetylcholine) are localized to small clear vesicles 

(SCVs) which are produced locally at the synaptic terminal (Sasidharan et al., 2012; Riddle et 

al., 1997). Functionally, this independence from the endoplasmic reticulum and Golgi 

machineries allows for prolonged synaptic activity at high frequency. SCV fusion rates are ten 

times faster relative to DCVs which would further facilitate high frequency neurotransmission 

(Martin, 2003).  After the loading process, vesicles are then mobilized and docked to the plasma 

membrane. 

Vesicular priming follows the docking stage and is differentially regulated for SCVs and 

DCVs. The calcium-activated protein for secretion (CAPS), encoded by unc-31 in C. elegans, is 

required for DCV priming and subsequent fusion with the plasma membrane, yet is not required 

for SCV exocytosis (Lin et al., 2010). UNC-13, a priming factor for synaptic vesicles, is required 

for SCV exocytosis but is nonessential for DCVs (Speese et al., 2007). Ultimately, the UNC-31 

and UNC-13 pathways regulate syntaxin, a component of SNARE (soluble N-ethyl-maleimide-

sensitive factor attachment protein) (Lin et al., 2010; Hammarlund et al., 2008). The SNARE 

proteins collectively contribute to the process of exocytosis. 

1.1.2 Monoamines 

Biochemical analyses of C. elegans extracts have revealed that dopamine (DA), serotonin 

(5-HT), octopamine (OA), and tyramine (TA) are all found in the nematode (Sulston et al., 1975; 

Sanyal et al., 2004; Horvitz et al., 1982; Alkema et al., 2005). Tyrosine is converted into 

levodopa (L-DOPA) by tyrosine hydroxylase (CAT-2); aromatic amino acid decarboxylase 
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(BAS-1) then converts L-DOPA to DA (Lints and Emmons 1999; Loer and Kenyon, 1993). 

Tyrosine is also a substrate for tyrosine decarboxylase (TDC-1) which converts tyrosine into TA 

(Alkema et al., 2005). TA then functions as a substrate for tyramine β-hydroxylase (TBH-1) 

which converts TA to OA (Alkema et al., 2005). Tryptophan hydroxylase (TPH-1) converts 

tryptophan to 5-hydroxytryptophan (5-HTP) which BAS-1 then converts into 5-

hydroxytryptamine (5-HT) (Sze et al., 2000; Loer and Kenyon, 1993). 

Each of the monoamines is produced in distinct neurons. Dopamine is produced in 

neurons ADE, PDE, CEP (Sulston et al., 1975). TA is produced in RIC, RIM, UV1 cells, and 

gonad sheath cells (Alkema et al., 2005). OA is produced in RIC and gonad sheath (Alkema et 

al., 2005). 5-HT is produced in NSM, HSN, and ADF primarily but has also been noted in RIH 

and AIM (Loer and Kenyon, 1993; Horvitz et al., 1982; Sze et al., 2000).  

The neurotransmitter glutamate is also a key signaling molecule in C. elegans, is broadly 

produced in the organism, and plays a role in numerous behaviours. A series of reactions 

mediated by pyruvate carboxylase, glutamine synthetases, and glutaminases facilitates de novo 

synthesis of glutamate (Hobert et al., 2013). Relative to the metabolic pathways of other 

signaling molecules, the production of glutamate is less understood in a nematode context. 

1.2 C. elegans receptors of interest 

1.2.1 GPCRs and G-protein subunits 

G-protein coupled receptors (GPCRs) are seven transmembrane receptors that transduce 

extracellular ligands to intracellular signaling processes via G-proteins. GPCRs are the primary 

targets of neuropeptidergic signaling, but also exhibit diverse ligand specificity to: light, Ca2+, 

odorants, amino acid residues, nucleotides, peptides and proteins (Bockaert and Pin, 2000). The 

majority of these nematode GPCRs function as chemoreceptors which function as 
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neuromodulators to re-shape circuits dependent on sensory neuron outputs and are believed to 

compensate for a lack of auditory or visual cue integration (Thomas and Robertson, 2008).  

Interestingly, none of the 24 receptors that make up the galanin/somatostatin family have been 

deorphanized (Frooninckx et al., 2012). 

In the inactive state, GPCRs are bound to Gαβγ heterotrimeric complex. Ligand binding 

alters the conformation of the GPCR, promoting the release of GDP from the Gα subunit which 

leads to GTP binding. GTP binding activates the heterotrimeric complex which dissociates and 

forms Gα-GTP and Gβγ subunits. Gα-GTP regulates Gαs, Gαi/o, Gαq, and Gα12/13, which are 

encoded by gsa-1, goa-1, egl-30, and gpa-12, respectively (Jansen et al., 1999).  Gαq activates 

phospholipase Cβ (PLCβ) which then splits phosphatidylinositol 4,5-bisphosphate (PIP2) into 

diacylgycerol (DAG) and inositol-1,4,5-trisphosphate (IP3) (Lackner et al., 1999). IP3 then binds 

calcium channels to increase intracellular calcium levels (Bastiani et al., 2003). Gαs stimulates 

while Gαi/o inhibits adenylyl cyclase which regulates the concentration of cyclic AMP (cAMP) 

leading to the activation of protein kinase A (PKA) (Korswagen et al., 1997). Gβγ also regulates 

ion channels and PLCβ. The signaling process is then terminated with internalization of the 

receptor (Ritter and Hall, 2009).  

1.3 Locomotory circuits 

C. elegans can exhibit a range of simplistic behaviours that are generally dictated by 

locomotory activity. C. elegans also exhibit a sinusoidal pattern of movement in which the 

longitudinal ventral and dorsal muscle rows are alternately contracted. On a solid substrate with 

available food, nematodes exhibit a bias for forward locomotion with spontaneous initiations of 

backwards movement (i.e. a reversal) occurring approximately every 20 seconds (Gray et al., 
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2005). A highly regulated system of sensory neurons, interneurons, motor neurons, and muscles 

ensures appropriate activation of each signaling pathways to coordinate overall locomotion. 

C. elegans inhabits dynamic environments, which require organisms to detect diverse 

environmental cues and modulate behavioural patterns to optimize avoidance of unfavourable 

habitats.  Therefore, initial research focused on characterizing the basic components of the motor 

neuron circuit and has subsequently shifted to analyzing the signaling pathways underlying 

environmental-evoked locomotory modulation.  

1.3.1 Spontaneous locomotion circuit 

Motorneurons possess pre-synaptic regions that form neuromuscular junctions which 

dictate muscle activity and therefore locomotory behaviour. A-type motor neurons promote 

backwards movement, while B-type motor neurons promote forward movement. D-type motor 

neurons, which are co-localized with both A- and B-type motor neurons, ensure the A- and B-

type motor neurons are asymmetrically activated. Initial investigations into these motor neurons 

utilized laser ablations followed by behavioural analysis to identify the role of each motor neuron 

(White et al., 1986; Chalfie et al., 1985) 

Command interneurons AVA, AVD, and AVE collectively promote backwards 

movement through A-type motor neurons, while command interneurons AVB and PVC dictate 

B-type motor neuron activity (Chalfie et al., 1985; Piggott et al., 2011; Gray et al., 2005). 

Ablation of AVA/D/E coupled with ablation of AIB reduces reversal frequency rate by over 80% 

indicating that an AIB-mediated circuit also contributes to reversal frequency regulation 

independent of AVA/D/E (Piggott et al., 2011). Further interrogation of this circuit revealed that 

AIB affected reversal frequency via modulation of RIM activity via inhibitory glutamate receptor 

AVR-14. Moreover, the activity state of AIB and RIM has been found to influence AVA 
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activity. Provided that AIB and RIM have been shown to integrate a disproportionately high 

number of signals derived from sensory neurons, it is likely that AIB and RIM modulate the 

backwards and forwards locomotory circuit dependent on environmental context (Gordus et al., 

2015).  Therefore, alternative interneurons or signaling molecules could provide an upstream 

contribution to motorneuron regulation. Alternatively, motorneurons could potentially sustain 

pattern generation independent of interneuron-derived modulation. Although the complexity of 

interneuron to motorneuron communication is yet to be determined, it has been shown that 

motorneurons are capable of sustaining endogenous activity patterns in the absence of the 

command interneurons (Wen et al., 2012; Gao et al., 2017). Although the general roles of 

individual neurons may have been elucidated, the regulatory system dictating motorneuron 

activity patterns and potential modulation by upstream interneurons remains under investigation. 

Over-expression of npr-9, a galanin-like G-protein coupled receptor (GPCR), produces a 

hyper-roaming phenotype in which organisms exhibit a general lack of reductions (Bendena et 

al., 2008). In contrast, npr-9(LF) organisms exhibit an increase in dwelling behaviour 

characterized as an increase in reversal behaviour. Moreover, this npr-9(LF) phenotype was 

exhibited in a food-dependent fashion suggesting that environmental are inappropriately 

integrated in an npr-9(LF) background. The expression pattern of npr-9 is limited to interneuron 

AIB indicating that the interneuron integrates environmental cues and that NPR-9 influenced this 

process (Bendena et al., 2008). Subsequent interrogation of the AIB circuit suggested a parallel 

pathway initiated by AIB and AVA (Piggott et al., 2011). However, contradictory research has 

highlighted that the AIB-RIM influences the locomotory circuit via regulation of command 

interneuron AVB (Gordus et al., 2015). Therefore, initial research highlighting that AIB-RIM 
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can regulate reversals independent of AVA was correct, however this AIB-RIM circuit still 

regulated reversals via the command interneuron circuit (Gordus et al., 2015; Pigott et al., 2011). 

1.3.2 Sensory neurons of the locomotory circuit  

After nematodes are removed from food, they initially exhibit an increase in reversals and 

turning behaviour. Sensory neurons AWC and ASK detect the change in environmental 

conditions then initiate this shift in locomotory patterns. AWC and ASK signaling is integrated 

via AIB (Gray et al., 2005). Sustained periods of starvation modulate locomotory patterns. 

Starvation promotes global search patterns which are characterized by a reduction in reversals 

and turning behaviour. Sensory neuron ASI mediates long term off-food modulation of 

locomotory patterns via regulation of AIB and AIY (Gray et al., 2005). Conceptually, local 

search mechanisms attempt to re-orient a nematode to a recent food source while global search 

patterns drive a larger search pattern for a novel food source. Both the context (i.e. lack of food) 

and experience (i.e. length of time without food) differentially recruit sensory neurons and 

subsequent interneurons to modulate locomotory patterns.  

Sensory neuron AWC dictates chemotaxis to specific cues and increases turning 

probability during local search behaviour (Gray et al., 2005). Isoamyl alcohol odour can 

stimulate increased reversal frequency and turning patterns similar to those spontaneously 

exhibited after removing an organism from food. In order to study the circuit dictating turning 

behaviour, isoamyl alcohol was used to stimulate and interrogate the circuit underlying turning 

behaviour regulation. AWC is activated upon odour removal (and conversely inhibited upon 

odour presentation) and subsequently activates AMPA-type glutamate receptor GLR-1 in AIB 

and inhibits interneuron AIY (Chalasani et al., 2007). AIB activation persisted at near-peak 

levels for 2 minutes after odour removal. Further characterization of the relationship between 
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AWC and AIB revealed that AWC releases glutamate in a graded fashion; therefore, the 

sustained AIB activation is due to continued AWC glutamate release after odour removal 

(Chalasani et al., 2007).  

Mutants defective for glr-1 exhibit a reduction in spontaneous reversals on and off food 

and display omega turn abnormalities (Zheng et al., 1999). Omega turns are characterized as a 

turn that reorients the organism 135 degrees and typically occur after off-food long-reversals 

(Gray et al., 2005).  GLR-1 function in AIB was able to rescue the glr-1 defects. Therefore, 

glutamate can function to “fine-tune” behavioural events after the reversal response (Chalasani et 

al., 2007). Subsequent analyses have revealed that the first layer interneurons (AIA, AIB, AIY, 

AIZ) collectively contribute to the regulation of turning behaviour and odour responses 

(Chalasani et al., 2010).  

1.3.3 Environmental conditions reconfigure circuits and behaviour 

In a lab environment, nematodes are maintained on a patch of Escherichia coli OP50. 

These bacterial patches exhibit a relatively high concentration of bacteria at the border of the 

patch, while the central area of the lawn is less concentrated. Different bacterial densities exhibit 

altered oxygen and carbon dioxide ratios (Milward et al., 2011). As such, mutants defective for 

oxygen sensation are unable to modulate locomotory patterns on different patch sizes (Gray et 

al., 2005). Organisms exhibit a higher frequency of pharyngeal pumping when positioned on the 

edge of a bacterial patch. Sensory neurons ASK and ASI modulate first-layer interneurons AIB, 

AIA, AIY, and AIZ activity to coordinate the interneuronal system in the regulation of these 

food-density dependent behaviour modulations. The first-layer interneurons are post-synaptic to 

the sensory neurons and are believed to integrate environmental context-evoked sensory neuron 

signaling. Therefore, the sensory environment can simultaneously re-configure multiple 
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behaviours to optimize foraging patterns via differential regulation of first-layer interneurons 

(Calhoun et al., 2015). 

1.3.4 AMPK and locomotion 

AMPK is a heterotrimeric complex composed of catalytic α subunits (encoded by aak-1 

and aak-2) and regulatory β and γ subunits (Apfeld et al., 2005). An evaluation of AMPK 

mutants revealed that aak-2 mutants exhibit well-fed locomotory patterns despite starvation 

conditions indicating that AMPK could mediate a behavioural transition between well fed and 

starved conditions. Well-fed and on food foraging phenotypes are not affected in aak-2 mutants 

highlighting that this a starvation specific defect. Re-constitution of AMPK expression in 

interneurons AIB or AIY partially rescues starvation locomotory phenotypes in aak-2 mutants. 

Expression in AIB and AIY in combination is able to fully rescue the abnormal behaviour 

(Ahmadi and Roy, 2016). During starvation, AIY is inhibited while AIB is basally activated.  

AIB localized GLR-1::GFP levels are higher in aak-2 mutants indicating that AMPK likely 

functions to regulate excitatory inputs to AIB.  Since GPCRs regulate cAMP levels via adenylyl 

cyclase regulation, metabotropic signaling is a potential mechanism through which extracellular 

signals affect AMPK activity (Korswagen et al., 1997). 

1.3.5 Locomotion mediates long-range chemotaxis 

C. elegans long-range chemotaxis is mediated by changes to locomotory behaviour in 

reaction to changing concentrations of an aversive or attractive odorant. When an organism 

moves away from an aversive odorant, sensory neurons detect a change in the concentration of 

the environmental cue and modulate locomotory activity to ensure that the organism continues to 

move away. Similarly, bacteria exhibit a biased random walk to appropriately respond to 

changing environmental cues (Alt, 1980). This process involves seemingly random re-
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orientations that allow bacteria to detect environmental changes. This logic was used to drive the 

initial investigation into two hypotheses potentially underlying C. elegans chemotaxis strategies. 

The weathervane model proposes that slight turning behaviour modifies the orientation 

nematode’s head resulting in the detection of altered environmental cue concentrations (Iino and 

Yoshida, 2009; Ward, 1973). The pirouette model purports that large changes in trajectory, 

mediated by reversals, allow an organism to detect altered environmental conditions (Pierce-

Shimomura et al., 1999; Ward, 1973). Computer simulation modeling has suggested that both the 

weathervane and pirouette models are used to explain nematode chemotaxis (Iino and Yoshida, 

2009). However, analysis of a nematode that exhibits highly abnormal turning behaviour and 

exhibits a “bent head” phenotype, but no chemotaxis impairment (Pierce-Shimomura et al., 

2005).  

1.4 Octanol-evoked circuit reconfiguration 

1.4.1 5-HT octanol circuit reconfiguration 

 A range of structurally distinct sensory neurons enables nematodes to sense changes in 

food availability, temperature, pathogens, etc. In a changing environment, these sensory neurons 

are differentially activated leading to the release of a signaling cascade which modulates the 

interneuronal circuitry and locomotory behaviour. 1-octanol is a repulsive odorant that provokes 

a reversal response when presented in front of a forward moving worm. Nematodes respond to 

100% octanol within 3 seconds on and off food. Sensory neurons ASH, ADL and AWB mediate 

the detection of 100% octanol in the absence of food, while ASH alone regulates octanol 

responsiveness on food (Chao et al., 2004). Nematodes exhibit a distinct behavioural paradigm 

when exposed to 30% octanol. Off food, organisms respond to 30% octanol within 8 – 10 

seconds, while 30% octanol on food provokes a reversal response within 3 – 5 seconds. 
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Therefore, the presence of food encourages a faster response to 30% octanol. Given that mutants 

defective for the gene encoding tryptophan hydroxylase (tph-1) exhibit an on-food behavioural 

response that mimics off-food conditions (i.e. 8 – 10 seconds), 5-HT serves as a “food signal” to 

reconfigure neural circuits (Chao et al., 2004). Moreover, application of exogenous 5-HT can 

restore on food phenotypes in the absence of a food source.  

 In the context of octanol, 5-HT produced in NSM and ADF antagonize octanol related 

behaviours. Specifically, NSM-derived 5-HT activates 5-HT receptor SER-5 on sensory neuron 

ASH and RIA localized SER-1 to promote aversive responses. ADF-derived 5-HT activates RIC 

localized SER-1 to inhibit aversive responses (Harris et al., 2009; Harris et al., 2011). On 

food/with 5-HT, serotonin receptor mutants ser-1 and mod-1 exhibited off-food octanol 

responses suggesting a failure to integrate the food signal. Expression of mod-1 and ser-1 in AIB 

can restore on-food/5-HT octanol sensitivity indicating that AIB is an essential integrator of 

signals reflective of the presence of food (Harris et al., 2009). Although 5-HT largely functions 

extra-synaptically, the source of 5-HT activates distinct 5-HT receptors suggesting that 

alternative signaling molecules are co-transmitted to dictate circuit selection.  

 Glutamate is also a key octanol signaling molecule given that mutants defective for 

vesicular glutamatergic transmission, i.e. eat-4, do not respond to octanol on or off food (Chao et 

al., 2004; Harris et al., 2010).  Cell-specific evaluations revealed that glutamate derived from 

ASH regulates the octanol response (Harris et al., 2010). 5-HT receptor SER-5 regulates the 

releases of monoamines and neuropeptides from ASH (Harris et al., 2010). Although the 

complexity of glutamatergic signaling is uncharacterized, octanol-evoked glutamate release is 

partly integrated by AIB to fine tune locomotory responses (Summers et al., 2015). 

1.4.2 TA and OA antagonize 5-HT signaling 
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 Exogenous application of 5-HT with TA or OA abolishes on-food phenotypes typically 

provoked by 5-HT. This suggests that TA and OA antagonize the role of 5-HT. Treatment with 

OA, TA, and 5-HT is no different than either dual treatment suggesting that TA and OA function 

through a singular pathway. Therefore, 5-HT promotes the aversive response while OA and TA 

inhibit aversive behaviour (Wragg et al., 2007). Although TA and OA analyses have largely 

focused on exogenous applications of the amines, TA is produced largely in RIM with minor 

production in RIC, while OA is primarily produced in RIC. Therefore, analyses of exogenous 

TA and OA signaling are ultimately reflective of signal molecule release from RIM and/or RIC. 

 OA receptor OCTR-1 is a GPCR that functions in sensory neuron ASH to antagonize 

SER-5 mediated signaling (Wragg et al., 2007; Harris et al., 2011). OCTR-1 stimulation leads to 

activation of Gαo which antagonizes SER-5 stimulated Gαq signaling pathways (Harris et al., 

2011). TA signaling is integrated via TA receptor TYRA-3 in the eight dopaminergic neurons, 

RIC neurons, and ASI neurons (Hapiak et al., 2013). TYRA-3 has been found to stimulate the 

release of ASI neuropeptides nlp-1, nlp-14, and nlp-18. NLP-1 and NLP-18 activate receptors 

NPR-11 and NPR-10, respectively. In the context of octanol signaling, NPR-11 functions in 

interneuron AIA while NPR-10 functions in sensory neuron ADL (Hapiak et al., 2013).  It’s been 

hypothesized that these neuropeptides function to “fine-tune” reversal behaviour. For instance, 

after the completion of a reversal, organisms can modulate the length of a reversal (i.e. how far 

backwards a nematode moves), the prevalence of omega turns, and can alter their locomotory 

trajectory after an octanol-evoked reversal. A number of neuropeptides have been implicated in 

the octanol response, yet remain uncoupled. Investigations into npr-9 phenotypes revealed that 

the identified neuropeptides do not phenocopy the mutant receptor phenotype (Hapiak et al., 

2013).  
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1.4.3 AIB-dependent locomotory fine-tuning 

 On food, organisms exhibit a more rapid octanol response but also resume forward 

movement after the reversal has completed. Off food, nematodes alter their trajectory after a 

reversal response in order to orient the nematode away from the original source of the aversive 

cue (Summers et al., 2015). AIB ablation decreased off food spontaneous reversal frequency, yet 

these organisms reversed more rapidly in response to octanol, backed up less, and moved 

forward after the completion of the reversal, as if the animals were on food. Therefore, AIB is 

essential for the integration of serotonergic signals and subsequent modulation of the locomotory 

circuit. 

Expression of a histamine gated chloride channel in AIB allowed for precise activity 

manipulation. Individual aspects of of the aversive locomotory response are particularly sensitive 

to AIB activation state. Histamine levels above 0.2 mM lead to a hyper-aversive response and 

forward movement after a reversal, while histamine concentration below 0.15 mM did not alter 

the aversive response but consistently induced forward locomotion. Therefore, small differences 

in AIB activity state distinctly regulate unique aspects of behaviour (Summers et al., 2015). 

1.4.4 Antagonistic cues 

Provided that organisms inhabit a dynamic environment, they are frequently confronted 

with antagonistic cues, i.e. attractive and aversive, simultaneously. It’s been found that AWA 

and AWC neurons generally sense attractants and promote 5-HT production from NSM, while 

ASH neurons sense repellents and modulate TA and/or OA production in RIM/RIC neurons. In 

the context of an attractant, NSM derived 5-HT inhibits RIM/RIC via MOD-1 which reduces 

TA/OA production (Harris et al., 2009; Wragg et al., 2007). The reduction in OA/TA, which 

typically activates SER-2 to inhibit NSM, encourages continued 5-HT release. In the context of a 
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repellent, ASH activates RIM/RIC, promoting TA/OA release, which inhibits NSM and 5-HT 

production (Li et al., 2012). Subsequent analyses revealed a positive feedback loop in which 

RIM activates ASH via TA to mediate hunger-dependent multisensory decision making (Dipon 

Ghosh et al., 2017). Therefore, antagonistic cues are integrated and regulated by a variety of 

feedback loops mediated by OA, TA, and 5-HT signaling.  

1.5 Lipid metabolism 

1.5.1 AMPK and metabolism 

AMP-activated protein kinase (AMPK) regulates metabolism across diverse species. C. 

elegans aak-2 mutants exhibit a 60% reduction in fat stores and do not respond to exogenous 5-

HT induced fat loss (Cunningham et al., 2014). Cell-specific analyses revealed that restoration of 

aak-2 expression in sensory neuron ASI was sufficient to rescue the abnormal fat phenotype of 

aak-2 mutants. AAK-2 functions to regulate the 5-HT stimulated release of DAF-7 from sensory 

neuron ASI (Cunningham et al., 2014). Similarly, ASI functions in the context of locomotion to 

mediate long-term off food locomotory modulations via AIB and AIY (Gray et al., 2005). It is 

therefore likely that ASI similarly modulates AIB activity in the context of lipid metabolism 

provided that npr-9 mutants also exhibit a high-fat phenotype (Bendena et al., 2008).  

1.5.2 DAF-7/DAF-1 mediated metabolism 

Extended periods of starvation or high population density can induce an alternate 

developmental fate in which L2-staged organisms enter a stress-resistant dauer phase (Golden 

and Riddle, 1982). Dauer organisms exhibit physiological changes such as a reduced pharyngeal 

pumping and increased fat stores (Cassanda and Russell, 1975). Characterization of components 

of the dauer pathway has provided insights into basal metabolic regulation and feeding. 
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Sensory neuron ASI is involved in the sensation of temperature, presence of bacteria, chemotaxis 

and pheromones (Beverly et al., 2011; Bargmann and Horvitz, 1991; Sun et al., 2011). ASI 

reconfigures neural circuits based on environmental conditions through the TGF-β DAF-7 

signaling pathway (White and Jorgensen, 2012; Greer et al., 2008). In C. elegans, daf-7 

expression is restricted to sensory neuron ASI and is reduced under dauer-promoting conditions. 

Loss-of-function daf-7 nematodes exhibit a constitutive-dauer phenotype which persists despite 

food availability and low population density (Ren et al., 1996). Thus the production of the DAF-

7 signal serves as an indicator of environmental conditions. 

 At 20° Celsius , daf-7 mutants develop to the adult stage and exhibit a 200% fat increase 

relative to wildtype organisms. Despite the increased fat storage, daf-7 mutants exhibit a reduced 

feeding rate (Greer et al., 2008). Within the dauer signaling pathway, DAF-7 binds to a DAF-

1/DAF-4 heterodimer receptor which inhibits Co-SMAD DAF-3 (Georgi et al., 1990; Patterson 

et al., 1997). DAF-3 activates the nuclear hormone receptor DAF-12 which ultimately promotes 

the dauer state (Antebi et al., 2000). Similar to the dauer pathway, daf-1 mutants exhibit a high 

fat phenotype similar to that observed in daf-7 nematodes. Moreover, daf-1;daf-3 mutants 

display a mild reduction in fat storage while daf-1;daf-12 double mutants are no different than 

daf-1 organisms. Provided that DAF-3 regulates a number of downstream targets, an alternate 

downstream target likely plays a more prominent role (Greer et al., 2008). Cell-specific 

evaluations have revealed that DAF-1 and DAF-3 function in inter/motor-neuron RIM and RIC. 

Alternative components of the pathway remain relatively unknown; however, a suppressor 

screen on daf-7 mutants revealed that glutamate (i.e. eat-4) plays a role in this signaling pathway 

(Greer et al., 2008).  

1.5.3  5-HT and metabolism 
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Chronic application of exogenous 5-HT (5 mM) reduces fat stores by 60%.  Serotonin 

receptor mutant mod-1 and octopamine receptor mutant ser-6 only exhibit a 20% reduction in fat 

indicating that they are resistant to serotonin induced fat reduction (Srinivisan et al., 2008). In the 

absence of 5-HT treatment, mod-1 organisms exhibit a 50% increase in fat levels while OA 

receptor mutant ser-6 exhibit no difference from wildtype.  Cell-specific rescue experiments 

have been utilized to identify that MOD-1 functions in sensory neuron URX (Srinivisan et al., 

2008). The role of SER-6 in the integration of OA signals mediating metabolism is discussed in 

subsequent sections. 

1.5.4 OA and metabolism 

Application of exogenous OA induces wildtype organisms to reduce fat stores by 50%. 

Lipid investigations revealed that ser-6 organisms are resistant to OA-induced fat loss. 

Moreover, cell-specific analyses identified that SER-6 functions in sensory neuron AWB. ADF 

expression of tph-1 is reduced in ser-6 mutants suggesting that the integration of OA signals is 

required to potentiate the production of 5-HT in ADF (Noble et al., 2013). Both tph-1 and ser-6 

mutants are resistant to OA-induced fat loss, while tph-1;ser-6 double mutants resemble tph-1 

single mutants. These results indicate that tph-1 is downstream of OA signaling via SER-6. 

Similar to the requirement that 5-HT production depends on OA, up-regulation of OA signaling 

also requires 5-HT production (Noble et al., 2013) 

1.5.5 OA and starvation 

In response to starvation conditions, C. elegans utilizes fat stores as an energy source; 

therefore, starved worms exhibit a reduction in lipid droplets (Jo et al., 2009; O’Rourke and 

Ruvkun, 2013). A 24-hour period of starvation leads to a reduction in fat content by 60%, while 

OA deficient tbh-1 organisms did not modify their fat stores. Time-course evaluation of tbh-1 
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expression revealed that tbh-1 is up-regulated after 12 hours of starvation (Tao et al., 2016). The 

data indicates that OA is a starvation signal that reconfigures metabolic pathways. Of the three 

nematode OA receptors (SER-3, OCTR-1, SER-6), ser-3 mutants exhibit an inhibition of lipid 

hydrolysis in response to starvation, while octr-1 and ser-6 mutants display wildtype phenotypes 

(Mills et al., 2012; Tao et al., 2016).  

1.5.6 Starvation lipases 

Transcriptional profiling revealed that lipl-1,2,3,4, and 5 were significantly upregulated. 

Expression of these lipases is confined to the intestine during periods of starvation (with no 

detectable expression levels under well-fed conditions) (O’Rourke and Ruvkun, 2013). An RNAi 

screen of regulatory nuclear hormone receptors and transcription factors revealed that knock-

down of transcription factor mxl-3 leads to abnormal up-regulation of lipl-1 under well-fed 

conditions. MXL-3 does not play a role with other nutrient sensor pathways, i.e. CeTOR or TGF- 

β signaling, yet daf-2 mutants exhibit abnormal transcriptional levels of mxl-3, lipl-1, and lipl-3 

(O’Rourke and Ruvkun, 2013). Therefore, these transcription factors are specific to distinct 

pathways. On the other hand, transcription factor hlh-30 is up-regulated during fasting and 

progressively repressed as worms refeed.  Moreover, HLH-30 induces the expression of lipl-2,3 

and 5 under fasting conditions. This system promotes fat breakdown in the absence of food and 

promotes fat storage under well-fed conditions (O’Rourke and Ruvkun, 2013). 

1.5.7 Nuclear hormone receptor NHR-49 

Distinct subsets of genes exhibit altered expression profiles in the early (1-2 hrs), delayed 

(4 hrs), and late (8-12 hrs) periods of starvation. Distinct kinetic profiles indicate that multiple 

signaling pathways are utilized to progressively convey starvation conditions. Fasting 

progressively alters the expression patterns of mitochondrial β-oxidation and fatty acid synthesis 
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to reduce fat stores and alter fatty acid composition.  The coordination of well-fed vs starvation 

induced gene expression changes is dependent upon nuclear hormone receptor NHR-49 (Van 

Gilst et al., 2005).  Interestingly, genes involved in metabolic maintenance under both fasting 

and well-fed conditions were abnormally regulated nhr-49 mutants which suggests that NHR-49 

might serve to coordinate fat anabolism v. catabolism dependent on environmental context (i.e. 

well-fed vs starved). 

1.5.8 AMPK and dauer lipid rationing 

AMPK mutants aak-2 display a ~70% reduction dauer longevity (Narbonne and Roy, 

2009). Given the role of AMPK in the regulation of metabolic phenotypes and that dauer 

organisms exhibit altered lipid profiles, the role of AMPK in the context of dauer lipid 

modifications has been investigated. In the presence of food, daf-2 mutants exhibit an abnormal 

accumulation of fat droplets (Ogg and Ruvkun, 1998). Although daf-2;aak-2 mutants retain 

abnormally high fat, they rapidly deplete their lipid stores when removed from food. RNAi 

knockdown of atgl-1 in aak-2 organisms inhibits the rapid off-food lipid catabolism and dauer 

longevity phenotypes (Narbonne and Roy, 2009). Collectively these results suggest that AMPK 

could function to slow lipid break-down to ensure that energy is available throughout the dauer 

lifespan.  

1.6 Nematode feeding 

1.6.1 Pharyngeal pumping 

Nematode feeding patterns are believed to be primarily dictated by the action of a 

neuromuscular pump, i.e. the pharynx (Doncaster, 1962; Seymour et al., 1983). Feeding patterns 

are dictated by a relatively simple pharyngeal neuroanatomy composed of the corpus, the 

isthmus, and the terminal bulb (Albertson and Thomson, 1976). Two distinct feeding 
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mechanisms, namely pharyngeal pumping (PP) and isthmus peristalsis (IP), facilitate efficient 

food consumption. Bacteria is first pumped into the corpus, peristaltically (moving wave of 

muscle contraction) transported to the isthmus, and then to the terminal bulb. A grinder within 

the terminal bulb then mechanically breaks down the bacteria (Avery and Horvitz, 1987; Avery, 

1993). 

A pharyngeal nervous system composed of 20 neurons and 8 gap junctions regulates 

muscle activity to facilitate the aforementioned feeding actions (White et al., 1986).  C. elegans 

exhibit 200 – 300 pumps per minute in a well-fed state, while on food. Off food, N2 organisms 

exhibit roughly 50 – 100 pumps/minute, while the presence of food or exogenous application of 

5-HT increases pump frequency to ~250 pumps/minute (Hobson et al., 2006).  Given that the PP 

action is more easily characterized, the majority of feeding behaviour analyses have exclusively 

evaluated PP frequencies without characterizing subsequent feeding motions (i.e. IP).  

Regardless of the initial PP rate, IP consistently occurs 150 ms after a pumping action 

highlighting that the two feeding motions are distinctly regulated (Avery and You, 2012).  

1.6.2 Context-dependent modulation of pharyngeal pumping 

Given that the presence of food/5-HT alters PP/IP frequency, 5-HT signals are likely 

integrated to regulate pharyngeal muscle activity. Evaluation of pharyngeal motorneuron activity 

revealed the motorneuron MC exhibits high activity on food and low activity off food. 

Activation of 5-HT GPCR SER-7 in MC stimulates G-protein subunit Gαs which leads to 

increased PP rates without affecting IP. In contrast, activation of Gα12/13 stimulated isthmus 

peristalsis frequency without influencing pumping (Hobson et al., 2006). The PP:IP ratio is also 

modulated by bacterial density (Chiang et al., 2006).  Conceptually, when food is less abundant, 

nematodes will pump frequently, but will only “swallow” (i.e. isthmus peristalsis) food when 
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enough food has accumulated in the anterior isthmus.  When food is in high-supply, nematodes 

lower their pumping rates but increase IP rates to prevent regurgitation. Therefore, individual 

pharyngeal pumps are variable in terms of food up-take and are not consistently followed by a 

swallowing behaviour. Despite the established variability between pumping and food 

consumption, PP frequencies continue to be used as a metric for bacterial consumption. 

Initially, tph-1 mutants were reported to not modulate pharyngeal pumping rates when 

comparing on and off-food conditions (Sze et al., 2000). Generally, PP behaviour is recorded 

over a single minute rather than extended time periods, which can lead to mischaracterization of 

mutants that exhibit variable pumping frequency. Subsequent long-term analysis revealed that 

tph-1 mutants do modulate pumping frequencies, but with a high degree of variability (Hobson et 

al., 2006). Screening a range of nematode 5-HT receptor mutants revealed that SER-1 integrates 

serotonergic signaling given that ser-1 mutants do not modulate PP frequency in response to 

exogenous 5-HT; however, ser-1 mutants exhibit pumping variability (over a 10-minute 

evaluation period) relative to wildtype nematodes. Moreover, ser-1;ser-7 double mutant 

pumping variability resembles tph-1 mutant frequency variability. This suggests that 5-HT 

signaling is not essential for food-dependent up-regulation of pharyngeal pumping, but could be 

utilized to “fine-tune” pumping consistency (Hobson et al., 2006). 

1.6.3 DAF-7, EAT-4 and pumping 

Although daf-7 and daf-1 mutants exhibit high fat levels, the mutants pump 20% less 

frequently than wildtype. Similar to the fat signaling pathway, daf-1;daf-3 double mutants 

exhibit a near wild-type level of PP suggesting that DAF-3 functions to regulate both metabolism 

and PP frequency. Moreover, DAF-3 also functions in motorneuron RIM to regulate both fat and 
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PP levels. Examination of TA and OA signaling analyses revealed that daf-1 PP frequency is 

influenced by both signaling molecules (Greer et al., 2008). 

Early analysis of OA signaling, via exogenous OA screens, uncovered a role in inhibiting 

PP and antagonizing serotonergic stimulation of PP (Horvitz et al., 1982; Rogers et al., 2001). 

TA signaling was later investigated with a role identified for TA receptor SER-2 and TYRA-2 in 

the modulation of pharyngeal pumping (Rex et al., 2004; Rex et al., 2005). Although the full role 

of SER-2 remains unclear, TYRA-2 has been found to inhibit interneuron AIM and integrate TA 

derived from RIM (Fu et al., 2018). A third TA receptor, namely LGC-55, functions in RMD and 

SMD motor neurons and command interneuron AVB (Pirri et al., 2009). 

1.6.4  The role of AIB in the regulation of feeding 

 During periods of starvation, organisms exhibit autophagy to promote survival by 

providing an energy source. In C. elegans, starvation induces autophagy of the pharyngeal 

muscles to promote survival. Potentially, this functions to provide a short-term potential fuel 

source or could functionally modify pharyngeal muscles. The specific mechanisms underlying 

the effect remain unknown. However, autophagy inhibition or excessive autophagy is known to 

reduce survival rates of starved organisms (Kang et al., 2007). Therefore, autophagy levels 

appear to be precisely controlled to balance pro-survival and pro-death homeostasis. Exogenous 

application of a subset of amino acids can rescue survival rates of autophagy abnormal mutants.  

Screening potential receptors that could integrate amino acid signaling identified that mgl-1 and 

mgl-2 mutants exhibit abnormal survival phenotypes in response. Further receptor 

characterization highlighted that MGL-1 functions in AIY and MGL-2 functions in AIB, each 

receptor likely binding amino acids directly (Kang and Avery, 2009). In summary, AIY 

functions to inhibit the starvation response (increased autophagy) while AIB activates it. 
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Therefore, AIB and AIY mediated signaling is capable of modulating pharyngeal autophagy 

dependent on environmental context (the presence of amino acids). 

1.6.5 Starvation and feeding  

 Time-course analyses of starvation induced behaviours have uncovered that the 

modulation of pumping occurs in an early phase (0-2 hrs) and a late phase (2-10 hrs). Early 

phase pumping behaviour is characterized by consistently inhibited pumps, while late phase 

starvation is generally lower frequency than on food conditions, but highly variable (Dalliere et 

al., 2016). Fasting conditions reduce tph-1 expression in ADF neurons which likely modulates 

PP frequency to promote early phase or late phase behaviours (Estevez et al., 2006). Upon 

immediate removal from a food source, wildtype nematodes reduce pumping frequency by 

~75%. Over a three-hour period of starvation, N2 organisms gradually increase pumping rates 

which peaks at 50% of well-fed, wildtype on-food PP frequencies.  Moreover, during fasting, 

nematodes exhibit increased periods of quiescence and altered locomotory patterns which is 

mediated by neuromodulation via OA (Churgin et al., 2017).  

1.6.6 Bacterial clearance assays provide clarity 

Pharyngeal pumping analyses involve short-term single-worm measurements, evaluated 

over a minute time scale (Sze et al., 2000; Hobson et al., 2006). A recently developed bacterial-

clearance assay entails the use of liquid media and optical density measurements. Briefly, 

nematodes are maintained in liquid media containing a low concentration of E. coli OP50. A 

spectrophotometer is utilized to obtain absorbance values to determine how the E. coli 

concentration changes over time in the presence of feeding worms (Gomez-Amaro et al., 2015). 

Therefore, this assay directly measures how much bacteria is consumed over-time rather than 

measuring a behaviour, e.g. pharyngeal pumping. 



	 23	

The regulation of pumping begins with MC motor neuron activation which is followed by 

acetylcholine dependent activation of nicotinic receptor EAT-2 of the corpus muscles (McKay et 

al., 2004). Organisms with a loss-of-function eat-2 variant exhibit a 90% reduction of PP rates 

relative to wildtype nematodes (Raizen et al., 1995; Petrascheck et al., 2007). Surprisingly, eat-2 

mutants have been well-characterized relative to pumping behaviour without any subsequent 

analysis of actual food consumption (Raizen et al., 1995; Petrascheck et al., 2007). In contrast to 

PP frequency, eat-2 mutants consumed only 20% less than wildtype (Raizen et al., 1995; 

Gomez-Amaro et al., 2015). The contrast between the pharyngeal pumping and bacterial 

consumption data highlights that pumping activity is not an appropriate metric for measuring the 

amount of calories the organism consumes. Therefore, pharyngeal pumping measurements can 

efficiently probe the regulation of the pharyngeal nervous system but direct measurements of 

bacterial clearance are required to determine the actual amount of food consumed. 

1.7 Egg laying 

Egg laying behaviour has long been studied in C. elegans as it represents a relatively 

simplistic motor output mediated by the nervous system. Three cell types are critical in the egg 

laying circuit: vm2 vulval muscles, HSN neurons, and VC neurons (White et al., 1986; Trent et 

al., 1983). Although 16 vulval muscles cells are present, the vm2 cells receive a 

disproportionately high level of synaptic input and ablation of vm2 cells produces a completely 

defective egg-laying behaviour. The serotonergic HSNs are pre-synaptic to both the vm2 

muscles and VC neurons, while VC neurons are pre-synaptic to vm2 muscles. Although not 

essential for basal egg-laying activity, the uv1 cells exert a modulatory effect on the egg-laying 

circuit via the production and secretion of TA (Alkema et al., 2005). 
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Moreover, the VC neurons modulate locomotory frequency via cholinergic signaling 

(Collins et al., 2016). Therefore, the signaling pathways underlying locomotion and egg-laying 

are coordinated. Growing evidence suggests that that locomotory phenotypes are coordinated 

with egg-laying behaviour via environmental conditions in order to ensure that eggs are laid in 

optimal conditions for larval growth (McConnell and Fitzpatrick, 2017). Calcium imaging of the 

egg-laying muscles coupled with locomotory evaluations has highlighted that the egg-laying 

muscles are specifically activated in coordination with locomotory body bends (Collins and 

Koelle, 2013). Further analyses have highlighted that organisms collectively modulate 

pharyngeal pumping, locomotion, and egg-laying in accordance with local nutritional conditions 

(McCloskey et al., 2017).  Moreover, environmental cues reflective of food quality, i.e. the ratio 

of carbon dioxide to oxygen, can also inhibit egg-laying via widespread changes in neural 

activity (Fenk and de Bono, 2015). Similar to other behaviours, egg-laying is modulated by 

external cues to ensure that behaviours are optimized to the current environment.  

1.7.1 Context-dependent modulation of egg laying 

Egg-laying events occur in short bursts (~ 1 – 2 minutes) followed by extended periods of 

inactivity (~ 20 minutes).  These two behavioural states, i.e. active vs inactive, are regulated by 

distinct signaling processes (Waggoner et al., 1998).  On food, 5-HT promotes egg-laying 

behaviour (Horvitz et al., 1982; Hobson et al., 2006). Moreover, 5-HT coordinates the 

locomotory and egg-laying circuits to ensure that nematodes increase their velocity and inhibit 

reversals immediately prior to an egg-laying event (Hardaker et al., 2001).  

Exogenous application of 5-HT does not activate egg-laying in ser-1, ser-7, and 

ser;7;ser-1 mutants. Although 5-HT generally promotes egg-laying, ser-7 mutants respond to 5-

HT with a reduction in egg-laying frequency. Provided that ser-7 is expressed in vulval muscles, 
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it is likely that humorally released 5-HT modulates muscle activity and egg-laying behaviour via 

SER-7 (Hobson et al., 2006). Analyses of alternative 5-HT receptors revealed that a subset of 5-

HT receptors inhibit egg-laying while another subset promotes it (Hapiak et al., 2009). In 

contrast to ser-7;ser-1 mutants, ser-4;mod-1 organisms responded to 5-HT with increased egg-

laying activity. Moreover; ser-4;mod-1;ser-7;ser-1 quadruple mutants exhibit egg-laying rates 

that are similar to wildtype (Hapiak et al., 2009). Therefore, 5-HT can function in an inhibitory 

or excitatory fashion in the context of egg-laying. Moreover, it was found that SER-4 and MOD-

1 function in interneurons while SER-1 and SER-7 function in vulval muscles (Hapiak et al., 

2009). Although MOD-1 is a component of the serotonergic modulation of egg-laying, mod-1 

mutants do not display abnormal basal egg-laying rates unless alternative 5-HT receptor 

signaling pathways are also perturbed (Carnell et al., 2005). Moreover, neuropeptidergic 

signaling derived from the uv1 cells inhibits egg-laying behaviour via inhibition of HSN 

serotonin release (Banerjee et al., 2017).  

Animals defective for TA production, i.e. tdc-1 mutants, do not modulate their egg-laying 

rates in the absence of food and are egg-laying constitutive (Alkema et al., 2005). Investigation 

into the mechanisms underlying TA defects revealed that the uv1 cells mechanically sense the 

movement of eggs through the vulva and release TA in response. TA signaling is inhibits the 

serotonergic HSNs via TA gated chloride channel LGC-55 to modulate the egg-laying circuit 

(Collins et al., 2016). 

Provided that organisms with loss-of-function mutations to genes required for 

neuropeptide processing, i.e. egl-3 and egl-21, exhibit egg-laying defects, neuropeptides are also 

involved in the egg-laying response. Specifically, flp-1 mutants are egg-laying defective and are 

partly resistant to 5-HT-induced egg-laying modulation (Waggoner et al., 2000). flp-1 mutants 
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increase the duration of the egg-laying inactive phase and do not modulate egg-laying in the 

absence of food (Waggoner et al., 2000). Further investigation has revealed that FLP-1 likely 

functions to coordinate locomotion and egg-laying; however, the signaling pathway mediating 

this mechanism remains unknown (Buntschuh et al., 2018). 

Given that starvation also inhibits egg production, dauer regulatory genes have also been 

investigated in the context of egg-laying. Organisms with mutations to daf-7 and daf-1 exhibit 

egg-laying defects along with dauer constitutive phenotypes. Both the egg-laying and dauer 

single mutant phenotypes are suppressed in daf-7;daf-3 or daf-1;daf-3 double mutants indicating 

that DAF-3 functions as a downstream regulator in either behavioural pathway (Greer et al., 

2008).  Recent investigations have highlighted that pheromones, which regulate the entry to 

dauer, can also influence egg-laying rate (Wharam et al., 2017). These pheromones partly 

function to improve reproductive success in the face of stressful conditions, i.e. prolonged heat 

shock (Aprison and Ruvinsky, 2015; Gouvea et al., 2015). This data further highlights that 

environmental conditions can influence egg-laying events.  

1.8 Thesis hypotheses and objectives 

 The command interneurons were believed to primarily dictate locomotory patterns in C. 

elegans. However, growing evidence suggests that first layer interneurons are capable of 

influencing diverse aspects of locomotory phenotypes, including the frequency of reversals. This 

indicates that these first layer interneurons provide an added layer of regulation to control 

command interneuron activity patterns. Abnormal locomotory patterns exhibited by npr-9(LF) 

and npr-9(OE) organisms suggested that AIB can influence the command interneuron circuitry. 

Moreover, npr-9(LF) organisms also exhibited abnormal lipid storage levels. Given that 

environmental signals can also provoke lipid metabolism changes, e.g. the presence of food, the 



	 27	

abnormal lipid phenotype suggested that AIB abnormally integrates environmental signals in 

npr-9(LF) organisms.  

 This thesis aims to understand the role of interneuron AIB in the regulation of diverse 

locomotory behaviours that are mediated by distinct signaling pathways. Moreover, this thesis 

also aims to understand if AIB receptors and AIB-derived glutamate can influence fat stores, 

egg-laying, and feeding phenotypes. I hypothesize that AIB plays an essential role in the 

regulation of locomotory responses to diverse environmental cues and that NPR-9 is an essential 

regulator of AIB activity. Furthermore, I hypothesize that various AIB receptors control 

glutamate release from the interneuron, which influences fat, feeding, and egg-laying. 
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1.9.1. Objective 1: Characterization of npr-9(LF) and npr-9(OE) phenotypes in response to 

diverse environmental cues (Chapter 3) 

 Prior research has highlighted that interneuron AIB is a multisensory integration hub 

which modulates locomotory patterns in response to environmental cues (Summers et al., 2015). 

Stimulatory glutamate receptor GLR-1 has been shown to regulate first-layer interneurons in 

spontaneous behaviour (Zheng et al., 1999). However, GLR-1 has not been investigated cell-

specifically in AIB. Moreover, past investigations have indicated that NPR-9 also functions in 

AIB and influences spontaneous locomotory phenotypes (Bendena et al., 2008). Although 

diverse environmental cues can similarly produce a reversal response, distinct sensory neurons 

detect individual cues. Therefore, signaling pathways underlying the reversal response can be 

distinctly regulated. In order to characterize the role of NPR-9 and GLR-1 in individual signaling 

pathways, npr-9(LF), npr-9(OE), and AIB-specific knock-down glr-1 mutants must be evaluated 

under diverse environmental conditions.  

 

1.9.2 Objective 2: Characterization of AIB receptors and glutamate output in the 

regulation of fat gain, feeding, and egg-laying (Chapter 4) 

 Prior evidence indicates that the AIB-RIM locomotory signaling pathway may also 

influence fat storage, feeding, and egg-laying (Piggott et al., 2011; Greer et al., 2008). Using 

AIB-specific knock-down constructs, the role of individual AIB receptors and AIB glutamate 

output can be elucidated in the regulation of fat, feeding and egg-laying. Analysis of the AIB 

receptor knock-down mutants in an npr-9(LF) background will also reveal how AIB receptors 

collectively function to regulate AIB activity. 
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Chapter 2 

Mechanosensation circuitry in Caenorhabditis elegans: A focus on gentle touch 

 

2.1 Abstract 

Forward or reverse movement in Caenorhabditis elegans is the result of sequential 

contraction of muscle cells arranged along the body. In larvae, muscle cells are innervated by 

distinct classes of motorneurons. B motorneurons regulate forward movement and A 

motorneurons regulate backward movement. Ablation of the D motor neurons results in animals 

that are uncoordinated in either direction, which suggests that D motorneurons regulate the 

interaction between the two circuits. C. elegans locomotion is dictated by inputs from 

interneurons that regulate the activity of motorneurons which coordinate muscle contraction to 

facilitate forward or backwards movement. As C. elegans moves through the environment, 

sensory neurons interpret chemical and mechanical information which is relayed to the motor 

neurons that control locomotory direction. A mechanosensory input known as light nose touch 

can be simulated in the laboratory by touching the nose of the animal with a human eyebrow 

hair. The recoil reaction that follows from light nose touch appears to be primarily mediated by 

glutamate release from the polymodal sensory neuron ASH. Numerous glutamate receptor types 

are found in different neurons and interneurons which suggest that several pathways may 

regulate the aversive response. Based on the phenotypes of mutants in which neuropeptide 

processing is abolished, neuropeptides play a role in circuit regulation. The light touch response 

is also regulated by transient receptor channel proteins and degenerin/epithelial sodium channels 

which modulate the activity of sensory neurons involved in the nose touch response. 

2.2 Introduction 
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The detection of mechanical stimulation is conserved in a variety of organisms, however 

our understanding of how organisms with complex nervous systems detect and respond to 

different magnitudes of mechanical stimulation remains a mystery. The diversity in 

mechanoreceptors and the intricacy of the nervous system within mammalian models has proven 

difficult to characterize. Insight into the neuronal circuitry underlying the sensation of touch has 

proceeded far more rapidly within the nematode Caenorhabditis elegans due to the presence of a 

relatively simple nervous system (302 neurons), an established neuronal connectivity map [73], 

and ease in analyzing behavioral responses. Despite the evolutionary distance, many of the 

proteins and signaling molecules mediating mechanosensation in C. elegans are broadly 

conserved among vertebrates and invertebrates. 

In their natural habitat, C. elegans must navigate through soil to avoid predators and 

unfavorable environments while foraging. Although locomotory patterns are influenced by 

diverse environmental stimuli, the organisms are persistently exposed to mechanical stimulation. 

Consequently, the sensation of touch is highly important. The composition of the nematode 

nervous system reflects the significance of touch as 10% of its neurons are thought to be 

mechanoreceptors [27]. However, in the regulation of gentle nose touch response, 

mechanosensory neurons appear to work in combination with polymodal (multi-functional) 

neurons [9]. C. elegans thus provides a useful model for characterizing the neuronal circuitry 

underlying differing degrees of mechanostimulation. 

The gentle nose-touch/mechanosensory signaling pathway requires the contribution of 

specific neurons and their associated receptors, gap junctions, and chemical/neuropeptide 

signaling molecules (Table 1). Mechanosensory neurons communicate with each other in either a  

 



	 41	

Table 2.1. List of neuron, gene and protein abbreviations. 
Sensory neurons 

Neuron abbreviation Description 

ASH Anterior amphid neuron with single ciliated endings 

ASE Anterior amphid neuron with single ciliated endings 

FLP Anterior multidendritic neuron with ciliated endings 

OLQ Anterior outer labial neuron, ciliated endings 

ALM Anterior lateral microtubule cell 

AWC Amphid wing “C” cells, ciliated sheet-like sensory endings 

AQR Anterior neuron with small cilium exposed to body cavity fluid 

PQR Posterior neuron with small cilium exposed to body cavity fluid 

ADL Anterior amphid neuron with dual ciliated sensory endings 

ADF Anterior amphid neuron with dual ciliated sensory endings 

CEP Anterior neuron of cephalic sensilla exposed to body cavity fluid 

 

Interneurons 

Neuron abbreviation Description 

AVA Anterior ventral cord neuron 

AVD Anterior ventral cord neuron 

AVE Anterior ventral cord neuron 

AVB Anterior ventral cord neuron 

PVC Posterior ventral cord neuron 

AIB Anterior amphid neuron 

AIY Anterior amphid neuron 

RIH Anterior neuron 

DVA Posterior interneuron 

 

Motor neurons 

Note that all neuron cell bodies are located in the ventral cord the “D” refers to dorsal synapse at 
the neuromuscular junction. Thus, DB is “Dorsal B type motor neuron” meaning that it has a 
neuromuscular junction on the dorsal side. While VB is “Ventral B type motor neuron 
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Neuron abbreviation Description 

DB Ventral cord dorsal B-type neuron 

VB Ventral cord ventral B-type neuron 

DA Ventral cord dorsal A-type neuron 

VA Ventral cord ventral A-type neuron 

DD Ventral cord dorsal D-type neuron 

VD Ventral cord ventral D-type neuron 

 

Neurons with multiple roles 

Neuron abbreviation Description 

NSM Pharyngeal neurosecretory and motor neuron 

IL1 Sensory, motor, and interneuron of inner labial sensilla 

RIM Anterior interneuron and motor neuron 

URX Anterior sensory and ring interneuron; flattened, non-ciliated endings 
exposed to body cavity fluid 

 

Neuropeptides 

Protein abbreviation Description 

NLP-1 Neuropeptide-like peptide 

NLP-12 Neuropeptide-like peptide 12 of the LQFamide neuropeptide family 

FLP-1 FMRF-like peptide 1 

FLP-18 FMRF-like peptide 18 

FLP-21 FMRF-like peptide 21 

INS-1 Insulin like peptide orthologous to human insulin 

 

Neuropeptide receptors 

Protein abbreviation Description 

NPR-1 Neuropeptide Receptor 1 

NPR-2 Neuropeptide Receptor 2 

NPR-3 Neuropeptide Receptor 3 
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NPR-5 Neuropeptide Receptor 5 

NPR-9 Neuropeptide Receptor 9 

CKR-2 Cholecystokinin receptor 

 

Neurotransmitter receptors 

Protein abbreviation Description 

LGC-55 Ligand-gated ion channel, Tyramine gated chloride channel 

NMR-1 NMDA-type ionotropic glutamate receptor subunit 

NMR-2 NMDA-type ionotropic glutamate receptor subunit 

GLC-1 Alpha subunit of a glutamate-gated chloride channel 

GLC-2 Beta subunit of a glutamate-gated chloride channel 

GLC-3 L-glutamate-gated chloride channel subunit 

GLC-4 Glutamate-gated chloride channel 

AVR-14 Alpha-type subunit of a glutamate-gated chloride channel 

AVR-15 Two glutamate-gated chloride channel subunits 

GLR-1 AMPA-type ionotropic glutamate receptor subunit 

GLR-2 AMPA-type ionotropic glutamate receptor subunit 

GLR-3 AMPA-type ionotropic glutamate receptor subunit 

GLR-4 AMPA-type ionotropic glutamate receptor subunit 

GLR-5 AMPA-type ionotropic glutamate receptor subunit 

GLR-6 AMPA-type ionotropic glutamate receptor subunit 

GLR-7 AMPA-type ionotropic glutamate receptor subunit 

GLR-8 AMPA-type ionotropic glutamate receptor subunit 

ACR-2 Non-alpha type nicotinic acetylcholine receptor subunit 

 

Transient receptor potential ion channels 

Protein abbreviation Description 

TRPA-1 Transient receptor potential ion channel, subfamily A 

OSM-9 Transient receptor potential ion channel, subfamily vanilloid 

OCR-1 Transient receptor potential channel subunit, subfamily vanilloid 
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OCR-2 Transient receptor potential channel subunit, subfamily vanilloid 

OCR-3 Transient receptor potential channel subunit, subfamily vanilloid 

OCR-4 Transient receptor potential channel subunit, subfamily vanilloid 

TRP-4 Transient receptor potential channel subunit, nompC (no mechanoreceptor 
potential C) subfamily 

 

Degenerin/epithelial sodium channels (DEG/ENaC) 

Protein abbreviation Description 

MEC-10 Amiloride-sensitive sodium channel protein (degenerin) 

MEC-4 Amiloride-sensitive sodium channel protein (degenerin) 

DEG-1 Mechanotransduction ion channel 

DELM-1 Epithelial sodium channel subunit expressed in glial cells 

DELM-2 Epithelial sodium channel subunit expressed in glial cells 

 

Miscellaneous proteins 

Protein abbreviation Description 

EGL-3 Proprotein convertase necessary for production of mature peptides 

EAT-4 Vesicular glutamate transporter 

UNC-7 Innexin required for invertebrate gap junction formation 

UNC-13 Regulates neurotransmitter release via regulation of syntaxin 

UNC-24 Bipartite protein similar to stomatin and nonspecific lipid transfer protein 
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stimulatory or inhibitory fashion through their signaling components. A map of the 

interconnections between neurons involved in mechanosensation and how signaling molecules 

function in the gentle nose-touch response is just beginning to emerge. Many of these 

interactions integrate with signaling known to function in the C. elegans locomotion circuit. 

2.3 The locomotion circuit 

2.3.1 Motor neuron-mediated regulation 

Most behaviors within C. elegans are mediated by locomotion, thus the identification of 

the locomotory circuit will aid in understanding how mechanical stimuli trigger a signaling 

cascade to induce backwards locomotion. The nematode's sinusoidal pattern of movement 

requires asymmetric muscle contraction of the ventral and dorsal muscles (i.e. when the ventral 

muscles contract, the dorsal muscles must relax for sinusoidal motion to occur) [73]. Although 

muscles produce the contractions leading to locomotion, analysis of signals from motor neurons 

has revealed how the upstream components coordinate muscle contractions. 

The worm exhibits a bias toward forward locomotion with occasional spontaneous 

reversals, which is regulated by the interaction between the forward and backwards locomotion 

circuitry. The core motor neurons influencing backward and forward locomotion are classified as 

A-type, driving backwards locomotion, or B-type promoting forward movement. These motor 

neurons form neuromuscular junctions in which the A or B-type synapse is juxtaposed by a body 

wall muscle and a D-type neuron [73]. D-type neurons are colocalized with both A and B type 

motor neurons. Each motorneuron has a dorsal and ventral counterpart (Fig. 2.1). The nematode 

exhibits an uncoordinated pattern of movement when the D-type neurons are destroyed via laser 

ablation. This indicates that these neurons are essential coordinators between backwards and  
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Fig. 2.1. Connections underlying the nose touch response between interneurons (blue rectangle) 

and motor neurons (green diamonds) via gap junctions (lines with blunt ends) and chemical 

synapses (black arrows) indicated by prior work [4,53,54,56,73]. Arrows in red represent general 

signals between neurons. Mechanical stimulation triggers the transmission of signals from 

sensory neurons to interneurons. The interneurons then signal to A and B type neurons that act 

on either dorsal (D) or ventral (V) muscles. In a general model, the A-type motor neurons 

promote backward movement and the B-type motor neurons stimulate forward movement, while 

the D-type motor neurons regulate the interaction between the two circuits. Extensive 

connectivity between the dorsal and ventral A-, B-, and D-type motor neurons indicates a 

complex system of regulation.  
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forward locomotion [4,53,54]. The D-type neurons function to ensure that dorsal and ventral 

muscles are asymmetrically contracted. The A and B-type neurons are excitatory and utilize 

acetylcholine as a signaling molecule, while the D-type neurons secrete gamma-aminobutyric 

acid (GABA) to inhibit muscle contraction [53,54,56]. As would be expected, unc-25 mutants, 

that are defective for GABA biosynthesis, exhibit an uncoordinated phenotype due to the 

abnormal regulation of inhibitory circuits [53]. The exact signaling pathway among the dorsal 

and ventral motor neurons has not been elucidated due to an intricate connectome, composed of 

gap junctions and chemical synapses (Fig. 2.1). 

Investigations into acetylcholine and GABA signaling have uncovered peptidergic 

pathways that coordinate muscle contractions. Application of aldicarb, a cholinesterase inhibitor, 

prevents acetylcholine breakdown at the synapse and induces paralysis after 30 minutes in C. 

elegans. Therefore, aldicarb assays can be used to measure acetylcholine release at 

neuromuscular junctions. A reduction in acetylcholine release increased resistance to aldicarb-

mediated paralysis [52,66]. Aldicarb treatment increased acetylcholine signaling, however 

mutants for the neuropeptide-like peptide (nlp) gene nlp-12 or its receptor, ckr-2, which encodes 

a seven transmembrane receptor related to mammalian cholecystokinin receptors, are resistant to 

aldicarb induced paralytic responses. Expression of nlp-12 is required in the DVA, a stretch 

receptor neuron, while ckr-2 expression is needed in the cholinergic motor neurons. The activity 

of the DVA can be influenced by the posture of the worm, therefore release of NLP-12 is 

dictated by muscle contraction and functions to alter levels of presynaptic acetylcholine [39]. 

Gain of function mutants for a nicotinic acetylcholine receptor subunit, encoded by acr-2, 

exhibited cholinergic over-excitation and GABAergic inhibition. This generated a convulsive 

phenotype that was enhanced in an animal with a defective proprotein convertase (egl-3). 
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Proprotein convertase is essential for protein precursor processing that releases C. elegans 

neuropeptides. The FMRFamide-like peptides (FLPs), FLP-1 and FLP-18 are involved in the  

acetylcholine/GABA regulatory pathway since flp-18;flp-1;acr-2(gf) mutants exhibit a more 

severe convulsive phenotype [50,68]. Biochemical and behavioral analyses uncovered that 

specific neuropeptide receptors (NPRs) termed NPR-1 and NPR-5 mediate FLP-18 signaling 

[68]. A neuropeptide receptor for FLP-1 has not yet been identified. Cell specific expression in a 

mutant background uncovered that NPR-5 functioned in the muscle while NPR-1 likely mediated 

the locomotory circuit within neurons that transduce signals to muscle. Thus, these peptides 

function through their receptors in a homeostatic manner to regulate circuit activity [68]. 

2.3.2 Interneuron-mediated regulation 

Interneurons also mediate the regulation of locomotion. The AVA, AVD, and AVE 

interneurons promote backwards movement, while the AVB and PVC interneurons stimulate 

forward locomotion (Fig. 2.2) [73]. The severe decrease in spontaneous reversals after laser 

ablation of the AVA, AVD, and AVE has provided evidence that these neurons signal through 

A-type motor neurons to promote backwards locomotion (Fig. 2.2), while the PVC and AVB 

mediate B-type motor neuron activity (Fig. 2.2) [9]. The AVA, AVD, and AVE also exhibit 

connectivity with the B-type and D-type motor neurons adding further complexity to the circuit. 

The connections between the backward and forward circuits suggest that interactions between 

the two circuits contribute to the regulation of locomotory patterns. 

Ablation of the AVA and AVD severely reduces the rate of spontaneous reversals, but 

does not abolish them entirely [28,61]. Screens for neuronal contributions to reversals have 

uncovered that ablation of a neuron that functions as a motor and interneuron, namely RIM, led 

to an increased rate of spontaneous reversals [28]. Developments in optogenetic techniques have  
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Fig. 2.2. Connectome of the backwards locomotion circuit between the interneurons (blue 

squares), motor neurons (green diamonds), and the RIM neuron that functions both as a motor 

and interneuron (half blue square and half green diamond) via gap junctions (black lines with 

blunt ends), excitatory synaptic connections (black solid arrows) and inhibitory synapses (black 

dashed arrows). The AVA, AVD, and AVE interneurons signal through A-type motorneurons to 

promote backwards movement, while the AVB and PVC interneurons mediate B-type 

motorneurons to stimulate forward locomotion [9,73]. The connections between the backward 

and forward circuits suggest that interactions between the two circuits contribute to the 

regulation of locomotory patterns. RIM regulates forward locomotion and may do so 

independently of AVA, AVD and AVE although gap junctions between RIM-AVE and RIM-

AVA exist. RIM affects the AVB-mediated forward locomotion circuit via tyramine signaling. It 

has been suggested that the two circuits (RIM-AVA and RIM-AVB) interact [29].  
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proven to be valuable in dissecting circuits. To briefly summarize the optogenetic methodology, 

transgenic expression of a light-driven chloride pump, i.e. halorhodopsin (NpHR), can inhibit 

neuronal activity. Conversely, expression of a light-activated cation pump, i.e. channelrhodopsin 

(ChR2), stimulates neurons [41,48,57]. Optogenetic inactivation of RIM triggered spontaneous 

reversals in worms. The abnormal RIM reversal phenotype persisted when the AVA, AVD and 

AVE were also ablated, which indicated that the RIM could regulate locomotion independent of 

the AVA, AVD, and AVE [61]. Prior work has also shown that signaling from the RIM affects 

the AVB-mediated forward locomotion circuit, which suggests that these two circuits (RIM-

AVA and RIM-AVB) interact [29]. 

Foraging behavior is also closely linked with the regulation of gentle nose touch. C. 

elegans typically exhibits head oscillations while foraging. However, this behavior is temporarily 

abolished upon nose touch stimulation [1]. Organisms with ablations of RIM, AVA, or AVD 

exhibited abnormal head oscillations after nose touch [62]. TDC-1 is a decarboxylase enzyme 

that is essential for the synthesis of tyramine and octopamine. It is expressed in the RIM, while 

an AVB tyraminergic receptor, encoded by lgc-55, mediates RIM-derived tyramine signaling 

(Fig. 2.2) [1,62]. The presence of gap junctions from the RIM to the AVE and AVA command 

neurons indicates that electrical signaling could contribute to the modulation of locomotory 

behaviors [1,28]. 

2.3.3 Sensory neuron mediated regulation 

The activity and coordination of the motor and interneurons are dependent on information 

from the sensory neurons (Fig. 2.3). Ablation screens identified that loss of the ASH, FLP, or 

OLQ sensory neurons generated varying degrees of nose-touch deficits. Based on nose-touch  
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Fig. 2.3. (A) A parallel pathway mediated by the release of glutamate via the glutamate 

transporter (EAT-4) from the sensory neuron ASH to the glutamate receptor (GLR-1) in 

interneurons AIB and AVA which mediates the reversal response. Loss of function of EAT-4 

within the ASH eliminates nose touch responses due to no activation of the AIB or AVA. (B) 

glr-1 mutants lose the expression of the glutamate receptor in several neuron types which 

eliminates reversal in the nose touch response. Targeted expression of GLR-1 to interneuron 

AVA resulted in a partial rescue of the nose touch response. Similarly, when expression of glr-1 

was targeted to AIB a partial rescue of the nose touch response was found suggesting that the 

two circuits may act together [61,73]. 
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assays, the ASH was found to be the major contributor to the nose touch response (45% 

responsiveness), while the FLP played a lesser role (30%). Ablation of the OLQ or ALM in 

combination with the ASH and FLP generated a more severe phenotype, although their 

individual ablations did not alter nose-touch sensitivity [44]. The density of synaptic and 

electrical connections among the inter and sensory neurons highlights the potential complexity of 

the signaling pathway. 

2.4 Signaling molecules of nose touch 

2.4.1 General roles for glutamate 

Glutamatergic signaling mediates responses to nose touch and repulsive cues such as 

octanol [35,61]. A variety of glutamate receptors subunits, which form heteromeric glutamate-

gated cation channels, have been identified in C. elegans: two of the NMDA-type class (NMR-1 

and NMR-2) and eight of the non-NMDA-type (GLR-1–8) [5,6]. Several glutamate-gated 

chloride channels have also been characterized in C. elegans: GLC-1–4, AVR-14/GBR-2, and 

AVR-15 [18,21,22,38,47,71]. 

Loss of function mutants for the non-NMDA type glutamate receptor glr-1 are defective 

for the nose touch response indicating that glutamatergic signaling is able to regulate responses 

to mechanical stimuli. Mutants defective for a vesicular glutamate transporter, encoded by eat-4, 

exhibited a more severe nose touch abnormality than the glr-1 mutant, which suggested that this 

behavior may be mediated by glutamate receptors other than GLR-1 [55]. In agreement with this, 

glr-2 mutants also exhibited nose touch abnormalities to a lesser degree than glr-1 phenotype. 

The glr-1;glr-2 double mutant exhibited nose touch defects equivalent to glr-1 alone implying 

that the two glutamate receptor types do not function in parallel pathways to regulate nose-touch 

responses. Analysis of glutamate-activated currents in the AVA revealed a lack of a non-NMDA 
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dependent current in glr-1 mutants after nose touch, while a residual current remained in glr-2 

mutants [61]. Two alternative hypotheses may explain these results: GLR-1 and GLR-2 may 

function as a heteromeric complex or GLR-1 may function independently of GLR-2. In either 

model, glr-2 mutants retain some response due to functional GLR-1 mediating signaling [55]. 

There may be added complexity as the expression patterns of glr-1 and glr-2 differ, suggesting 

that differing glutamate receptor subunits (glr-3–8) could form heteromeric channels with glr-1 

and 2 [5]. 

2.4.2 Glutamatergic parallel pathway 

The relatively uncomplicated nature of the nematode nervous system coupled with 

developments in recording techniques, e.g. recording voltage by a current clamp, has facilitated 

electrophysiological measurements within live organisms [51,58,61]. A current clamp has been 

used to measure neuronal activity in response to nose touch, which uncovered that nose touch-

stimulation induced a depolarizing (stimulatory) voltage response in the sensory neuron ASH 

and a stimulatory signal in the interneurons AVA and AIB (Fig. 2.3A). Organisms with a loss of 

function allele of the vesicular glutamate transporter eat-4 did not exhibit stimulatory signals in 

the AVA or AIB after nose touch, while expression of eat-4 in the ASH rescued the abnormal 

interneuron signals [61]. 

In glr-1 mutants, the AIB and AVA were unstimulated in response to nose touch and thus 

do not reverse. Targeted glr-1 expression in either the AVA or AIB was sufficient to partially 

rescue glr-1 mutant phenotype. glr-1 rescue in the AVA responded more frequently to nose 

touch compared to glr-1 rescue in the AIB [61]. Collectively, these results have indicated that the 

AIB and AVA circuits act in parallel, yet are not completely redundant. Alternatively, the partial 
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rescue observed from glr-1 rescue in the AVA or AIB could indicate that other signaling 

molecules or glutamate receptors modulate the activity of these interneurons (Fig. 2.3B). 

In contrast to AVA and AIB activity, the RIM exhibited a hyperpolarization (inhibitory) 

response upon nose touch stimulation. A few pieces of evidence had suggested that the AIB 

could regulate RIM activity: the AIB has dense synaptic connections with RIM [73], its ablation 

generated an abnormal reversal phenotype [72]. AIB expresses the glutamate transporter eat-4 

[60], and optogenetic activation of AIB triggered a reversal even when the AVA/AVD/AVE 

were ablated [61]. 

Although current clamp techniques are valuable tools for measuring neuronal activity, 

their application in freely moving worms is limited. Alternatively, expression of a genetically 

encoded calcium sensor (G-CaMP) has allowed for measurements of neuronal activity in freely 

moving worms [29,48,61]. The simultaneous expression of a Channelrhodopsin2 (ChR2) in the 

AIB and a calcium sensor in the RIM uncovered that activation of the AIB via ChR2 inhibited 

RIM activity [61]. Hyperpolarization signals are not detected in the RIM when the glutamate 

transporter eat-4 is knocked down specifically in AIB (Fig. 2.4). Consequently, glutamate was 

the likely molecule mediating RIM activity. As glutamate has been found to depolarize 

interneurons, how could the same signal function to inhibit the RIM? GLR-1 is a cation-channel 

that typically functions to depolarize neurons, however glutamate-gated chloride channels have 

also been identified in C. elegans [76]. Of the five glutamate-gated chloride channels expressed 

in the RIM, only AVR-14 inhibited RIM activity in this circuit [61,76]. Thus glutamatergic 

signaling is essential within the AVA and AIB/RIM mediated pathways to coordinate nose-touch 

responses (Fig. 2.4). 
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Fig. 2.4. As partially described in Fig. 2.3 legend sensory neuron ASH detects gentle nose touch 

which activates the glutamate transporter (EAT-4) to stimulate glutamate release. Glutamate then 

interacts with the glutamate receptor, (GLR-1) on interneurons AVA and AIB. The interaction 

stimulates AVA which promotes backward movement. The glutamate transporter (EAT-4) is 

also found in interneuron AIB. AIB then releases glutamate which activates a glutamate gate 

chloride channel (AVR-14) which inhibits RIM to trigger a reversal. The RIM and AIB both 

have synaptic connections with each other with the AVA. Gap junctions (black lines with blunt 

ends), excitatory synaptic connections (black solid arrows) and inhibitory synapse (black dashed 

arrow). The function of synaptic connections that RIM and AIB have with AVA relative to nose 

touch is unknown [60,72]. 
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There are other examples of glutamatergic signals that are inhibitory! Glutamatergic 

signals have been identified in response to odor removal in which the sensory neuron AWC 

inhibited the interneuron AIY via a glutamate-gated chloride channel subunit, namely GLC-3.  

The AWC has additional functions in thermal regulation and activates the AIY via glutamate 

[7,8,60]. The nose touch response is sensitive to rearing temperature so circuits such as these 

may serve an integrative function. 

2.4.3 Interactions between the parallel pathways 

The AIB/RIM and AVA/AVD/AVE function through parallel pathways, yet their 

ablations have generated unique phenotypes. The magnitude of a reversal, i.e. reversal length, 

was severely decreased upon ablation of the AVA, while AIB ablations did not alter reversal 

magnitude. On the other hand, turning behavior was severely decreased following AIB silencing, 

slightly increased post AVA inactivation, and most severely decreased after silencing of the 

AVA and AIB in combination [63]. The AIB and AVA function in parallel pathways to induce a 

reversal, but length of the reversal and turning behavior are mediated by the interaction between 

these circuits. Manipulations to RIM affected AVA activity, however the additively defective 

phenotype observed for turning patterns within a reversal indicated that the AIB could also 

mediate AVA activity (Fig. 2.4) [29]. 

2.4.4 Peptides and locomotion 

The nose touch defect observed in glr-1 mutants is suppressed when peptidergic signaling 

is down-regulated. More specifically, a mutant which loses the neuropeptide processing enzyme 

EGL-3 in combination with loss of GLR-1 leads to wildtype nose touch responses [55]. The 

individual peptides mediating this interaction have not been identified, however these results 

suggest a general role for peptidergic signaling in regulating the nose touch response. Targeting 
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the expression of egl-3 to interneurons in the glr-1;egl-3 double mutant restored the nose touch 

defect similar to the glr-1 alone which indicated that interneuron derived peptides inhibited nose 

touch responses in the absence of GLR-1 mediated glutamatergic signaling [55]. Individual 

peptides from the interneurons have not been identified in the regulation of the nose touch 

pathway, though a feedback loop mediated by NLP-1 and insulin peptide INS-1 between the 

AIA interneuron and AWC olfactory neuron has provided evidence that interneuron derived 

peptides can regulate signaling pathways [8]. 

Glutamate is believed to be the primary signaling molecule mediating the regulation of 

the nose touch circuit, although peptidergic abnormalities can also generate locomotion defects. 

A “social allele” of npr-1, namely NPR-1 215F, contains a phenylalanine at position 215. The 

social allele increased locomotion and caused the nematode to aggregate or “clump” in high-

density populations. The “solitary feeding” allele of NPR-1 contains a valine at position 215 

(NPR-1 215V), which led to a solitary feeding phenotype [20]. The aggregation phenotype was 

only observed in the presence of food, consequently neuropeptide mediated signaling could 

coordinate multiple environmental stimuli to dictate locomotion. NPR-1 functions in the AQR, 

PQR, and URX neurons to influence social feeding patterns [16]. The sole FMRF peptide 

encoded by flp-21, with the amino acid sequence GLGPRPLRF, activated NPR-1 215F to 

mediate social feeding. NPR-1 215V was activated by the same FLP-21 peptide and a peptide 

encoded by flp-18 with the amino acid sequence EMPGVLRF [65]. 

This aggregation phenotype can be suppressed when npr-1 mutants are incubated with 

ethanol, while ethanol withdrawal induced a social behavior in wildtype worms. The nematodes 

acquire a tolerance to ethanol so that the abnormal behaviors are lessened over an extended time 

period. npr-1 mutants recover from ethanol exposure faster and exhibit higher levels of tolerance 
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[19]. C. elegans failed to respond to nose touch when immersed in liquid, but treatment with 

ethanol restored nose touch responses [70]. This restoration of nose touch responses suggests that 

the circuitry mediating ethanol responses interacts with the nose touch pathway. NPR-1 mediates 

ethanol responses, consequently the neuropeptide receptor likely interacts with the nose touch 

pathway. 

NPR-9, a G-protein coupled receptor with similarity to mammalian galanin and insect 

allatostatin receptors, also regulates the locomotory circuit by modulating the activity of the AIB. 

A loss of function allele for npr-9 generates a hyper-reversal phenotype, while over-expression 

mutants exhibit a hyper-roaming phenotype characterized by an increase in forward locomotion 

[3]. The npr-9(gf) mutants ignore food cues and roam off of a bacterial lawn without 

immediately returning, which indicates that a component of the sensory circuit has been 

compromised [3]. The unresponsiveness to sensory cues could indicate that the over-expression 

of the neuropeptide receptor inhibits upstream sensory neurons or inhibits the command 

interneurons to impede reversals. Knockdown of npr-2 or npr-3 via RNAi has also generated 

locomotion defects providing further evidence that neuropeptides and their receptors play an 

uncharacterized role in the regulation of locomotion [45]. Peptides are key regulators of the 

octanol avoidance signaling pathway and have been shown to regulate sensory neurons (ASH, 

ASE, AWC, and ADL) and an interneuron (AIA), yet the peptides mediating components of the 

nose-touch circuit have not been characterized [31]. Peptides expressed in sensory neurons and 

interneurons that regulate other behaviors have been largely unexplored in the nose touch 

pathway (Table 2.1). 

2.4.5 Serotonin, glutamate and nose touch 
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Responses to octanol, an aversive odorant, are more robust when on food or in the 

presence of serotonin (5-HT) suggesting that serotonin is a “food signal” [12,34,74]. The 

presence of food stimulated serotonin release from the NSM and ADF in the regulation of 

octanol aversion [34]. Exogenous application of serotonin does not alter ASH signaling 

dynamics in response to nose touch indicating that this neurotransmitter plays a smaller role in 

this behavior or acts to modulate the activity of other sensory neurons that mediate nose touch 

responses [23,36]. Moreover, serotonin mutants do not exhibit nose touch defects indicating that 

the neurotransmitter is not directly involved in the nose touch response. The expression of the 

vesicular glutamate transporter, eat-4, in the ASH is essential for both octanol aversion and nose-

touch responses, however glutamate receptor, glr-1, mutants are only defective for nose touch 

[55,61]. Since the wildtype response in both octanol and nose-touch is a reversal, the locomotory 

circuit must be involved in each behavior. Although the ASH and locomotory circuit are shared 

components of each pathway, only glutamate transporter mutants have been identified as 

defective for both nose-touch and octanol. 

2.5 Transient receptor potential (TRP) channels 

2.5.1 General roles for TRP channels 

Transient receptor potential (TRP) channels have roles in sensory transduction in 

mammals [77], and invertebrates [32,33] including C. elegans [75]. TRP channels are cation 

selective channels that function in a voltage dependent manner. The links to voltage regulation 

and evolutionary conservation of sensory mediation has provided support that these channels 

could have mechanosensory roles in C. elegans. Seven subfamilies of TRP channels have been 

identified in other organisms, while 17 TRP proteins, representing each of the subfamilies, have 

been classified in the nematode [75]. 
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In screens for mechanosensory abnormalities, TRP channel mutants in the trpa-1 gene, 

were identified as abnormal for foraging and nose touch responses, yet remained wildtype for 

other mechanosensory stimulations [46]. When expressed in mammalian cells, mechanical 

stimuli activated the C. elegans TRPA-1 to further solidify its role in mechanosensation. trpa-1 

is expressed in the ASH, OLQ, and IL1 mechanosensory neurons, however rescue experiments 

revealed that trpa-1 mediated mechanosensation functioned through the OLQ and/or IL1 

neurons, but not the ASH. Moreover, consecutive nose touches in trpa-1 mutants showed smaller 

calcium transients in the OLQ compared to wild type worms (Fig. 2.5) [46].  

Moreover, OSM-9 activity is dependent on OCR-2, a TRPV subunit, and the two proteins 

likely form a heteromeric channel [42,69]. Since OSM-9 functions to mediate a variety of 

different ASH mediated behaviors, it is unlikely that the receptor directly senses mechanical 

stimuli. It is more likely that OSM-9 interacts with the signaling molecules derived from another 

protein responding to mechanical stimulation. OSM-9 mediated behaviors are regulated by G-

proteins and G-protein subunit signaling pathways, which has indicated that other 

mechanoreceptors function upstream to respond to touch. The relationship between OSM-9 and 

G-protein mediated signaling has been further complicated since prior research has also indicated 

that osm-9 expression can influence the expression pattern of G-protein coupled receptors 

[24,25,64]. 

2.5.2 TRP channels modulate a gap junction circuit 

Calcium imaging of the ASH in an osm-9 mutant revealed diminished calcium responses 

to nose touch stimuli, which suggested that this channel is essential for regulating ASH activity 

[36]. Although OSM-9 was thought to function in the ASH, as it appeared essential for most 

ASH-mediated behaviors; expression of osm-9 in the ASH did not rescue behavioral or signaling  
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Fig. 2.5. Cation selective transient receptor potential channels (TRPA-1) found in 

mechanosensory neurons also regulate the responses to gentle nose touch. Although TRPA-1 

channels are localized to mechanosensory neurons ASH, OLQ and IL1, their involvement in 

nose touch response involves only OLQ and IL1. Note that ASH is a mechano- and chemo- 

sensory neuron. Transient receptor potential vanilloid (TPRV) receptors OSM-9 and OCR-2 may 

form a heterodimer to function in cation transport. TPRV receptors are expressed in a number of 

neurons including AWA, ASH, ADL, ADF, AWC and OLQ [17]. However, the regulation of the 

nose touch response appears to be dependent on and limited to TPRV receptor OSM-9 

expression in OLQ. OLQ is known to influence FLP signaling and may do so through gap 

junctions that are made by both OLQ and FLP with interneuron RIH. RIH has gap junctions with 

the neuron CEP which participates in the touch response. Loss of TRP-4 in the CEP reduces 

calcium transients and thus the reversal response [14]. 
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deficits [36]. Calcium signaling patterns in the other sensory neurons mediating 

mechanosensation were also visualized, which uncovered that nose-touch induced calcium 

transients in the FLP and OLQ were similarly reduced in an osm-9 mutant. Expression of osm-9 

in the OLQ suppressed abnormal signaling in the ASH, FLP, and OLQ [14,36]. If osm-9 is only 

required in the OLQ, how are FLP and ASH signaling patterns altered in an osm-9 background? 

Analysis of synaptic connections uncovered that the OLQ and FLP both make gap junctions with 

the RIH interneuron (Fig. 2.5) [14]. These observations have suggested that electrical signaling 

via gap junctions could facilitate OLQ influence on FLP calcium transients. Indeed, trpa-1 

mutants, which exhibit reduced OLQ- mechanosensory currents, also displayed decreased FLP 

calcium transients evoked from nose touch [14]. Gap junctions are not present between the ASH 

and the RIH, OLQ, or FLP neurons which indicated that synaptic signaling or gap junctions with 

another neuron may mediate the interaction between these circuits. 

Since the RIH also makes gap junctions with the CEP neuron, CEP and RIH neurons may 

be important for wildtype nose touch responses (Fig. 2.5). The characterization of another 

mechanosensory receptor known as the TRPN channel, encoded by trp-4, is required in the CEP. 

In agreement with a role for gap junctions, trp-4 mutants also display FLP calcium transient 

abnormalities [14]. Moreover, rescue of trp-4 in the CEP alone suppressed the abnormal 

phenotype in the FLP and CEP neurons. The elimination of osm-9 expression in the OLQ and 

trp-4 expression in the CEP abolishes FLP nose touch evoked calcium transients indicating that 

these neurons function additively [14]. Furthermore, TRP-4 also functions in the DVA, a stretch 

receptor neuron which signals to the command and interneurons in the locomotory circuit, in 

order to regulate appropriate body bending [49]. 
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In order to evaluate how gap junctions contribute to the response, an innexin mutant that 

is defective for gap junction formation, unc-7, and a mutant for neurotransmitter release, unc-13, 

were evaluated for altered calcium transients [14]. In an unc-7 background, calcium transients in 

the FLP and RIH were highly abnormal. Meanwhile, unc-13 mutants did not exhibit altered nose 

touch evoked calcium transients in any neuron. These results indicated that gap junctions are 

some of the major mediators of the nose-touch signaling pathway. Harsh touch evoked calcium 

transients in the FLP also affect OLQ and RIH activity, which suggested that these gap junctions 

are bidirectional (Fig. 2.5) [14]. The ASH and FLP are the major sensory mediators of the nose-

touch behavioral response, yet the mechanism as to how these two neurons collectively regulate 

the downstream circuitry has not been completely elucidated (Fig. 2.6). 

2.5.3 Peptides and TRP channels 

Peptidergic signaling has not been implicated in the regulation of gap junction signaling 

relative to the nose-touch response, however TRP channels do interact with neuropeptide 

regulated pathways. The social aggregation behavior of npr-1 variants is suppressed in an osm-9 

or ocr-2 mutant background [20]. Behavioral analysis of these mutants in a variety of conditions 

uncovered that npr-1;osm-9 or npr-1;ocr-2 mutants are unable to sense signals that promote 

aggregation. OCR-2 can function in either the ASH or ADL to restore social behavior in ocr-

2;npr-1 mutants [20]. These results highlight that neuropeptide receptors can interact with ion 

channels to mediate neuronal activity. 

OSM-9 can also function independently of OCR-2 to mediate responses to ethanol. The 

mutant phenotype of npr-1 was suppressed in osm-9;npr-1 double mutants, yet remained 

abnormal in npr-1;ocr-2 double mutants [19]. Further in contrast to the social feeding pathway, 

NPR-1 ethanol abnormalities are not due to NPR-1 function in the neurons which influence  
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Fig. 2.6. Nose touch induced calcium signaling activity of the ASH, FLP, OLQ, and IL-1 in 

mutant backgrounds. Reduced responses to nose touch stimulation were noted when the 

degenerin/epithelial sodium channel (DEG-1) was eliminated in sensory neuron ASH [59]. 

Similarly loss of the degenerin/epithelial sodium channel (MEC-10) in mechanosensory neuron 

FLP affected the nose touch reversal response [14]. Loss of the degenerin/epithelial sodium 

channel DELM-1 or DELM-2 in either OLQ or IL1 leads to a reduction in the response. Loss of 

the TPRV receptor OSM-9 in OLQ can affect calcium signaling and the regulation of the nose 

touch reversal response. Double-mutants and overexpression lines revealed that these two 

proteins function independently of one another [30]. 
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social feeding (AQR, PQR, and URX). Furthermore, loss of function alleles for flp-21 does not 

alter ethanol tolerance, which indicates that flp-18 or another neuropeptide binds to NPR-1 to 

mediate ethanol responses [19]. 

2.6 Degenerin/epithelial sodium channels (DEG/ENaC) 

2.6.1 mec-10 and nose touch 

The identification and characterization of DEG/ENaC (degenerin/epithelial sodium 

channel) mutants in C. elegans (MEC-10 and MEC-4) has furthered our understanding of 

mechanosensation in general and has specifically aided in the molecular characterization of the 

nose touch behavior. Gain of function mec-10 or mec-4 mutants exhibit neurodegenerative 

phenotypes, which have led to the “degenerin” terminology. The degenerin family of proteins 

exhibits sequence similarity with the epithelial sodium channel (ENaC) [10]. The mec-10 gain-

of-function degenerin phenotype is dependent on mec-4, however mec-4 gain of function 

phenotypes do not require wildtype mec-10 [11,40]. mec-10 is important, but not essential, for 

gentle touch response (to the body) and functions in the ALM and PLM [13]. No 

mechanoreceptor currents are generated in mec-4 mutants despite the presence of a wildtype 

copy of mec-10 which indicates that MEC-10 is insufficient for the generation of 

mechanoreceptor currents alone [59]. MEC-4 and MEC-10 are the pore-forming units of the 

channel complex. MEC-2 and MEC-6 function as accessory subunits that increase the number of 

channels in an active state, while UNC-24 also functions as an accessory subunit, however its 

role is less understood [2,15]. 

Calcium signaling within the FLP neuron after nose touch stimulation in a mec-10 

background was significantly reduced. This reduction was abolished by a mec-10 cell specific 
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rescue in the FLP neuron [14]. MEC-10 dependent nose-touch phenotypes function 

independently of MEC-4 since mec-4 is not expressed in the FLP [14]. 

FLP calcium transients evoked by nose touch in osm-9;mec-10 mutants are almost 

completely absent indicating that MEC-10 and OSM-9 contribute additively to the FLP nose 

touch response (Fig. 2.6)[14]. Since OSM-9 function was found not to be required in the ASH 

for mechanoreceptor currents elicited from nose touch, other ion channels likely modulate ASH 

activity directly. Indeed, investigations into ion channel families expressed in the ASH 

uncovered that deg-1, a DEG/ENaC channel mutant exhibited a reduction in mechanoreceptor 

currents (80%) in the ASH after nose touch stimulation [59]. In contrast to prior studies on 

DEG/ENaC channels, loss of function of a single channel subunit completely abolished 

mechanoreceptor currents in other neurons [43,59]. 

2.6.2 DEG/ENaC channel complexes modulate ASH and OLQ activity 

TRP and DEG/ENaC channel complexes have been implicated in the regulation of nose-

touch behaviors and are frequently co-expressed in the same neuron, but which has more 

influence on the modulation of neuronal activity? Application of the drug amiloride antagonizes 

ENaC channel complexes, which abolished mechanoreceptor currents in the ASH [26]. This 

suggested that DEG/ENaC complexes were the predominant modulator of ASH activity. Of the 

two DEG/ENAC genes expressed in the ASH, namely unc-8 and deg-1, only large deletions to 

deg-1 disrupted mechanoreceptor currents (Fig. 2.6), while voltage-activated currents were 

unaffected in either mutant background [26]. Consequently, DEG/ENaC and TRP channels 

collectively function to mediate the activity of the FLP, ASH, OLQ, and CEP to coordinate the 

signaling pathway underlying the nose touch response. 
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Mutations to two DEG/ENaC subunits, DELM-1 and DELM-2, also led to nose touch 

response defects [30]. These two proteins are expressed in the OLQ and IL1 glial socket cells to 

mediate nose touch sensitivity (Fig. 2.6). Thus, other associated nerve cells may play a role in the 

regulation of mechanosensation. 

2.7 Conclusion 

Neuron identity, position and neural connections have been mapped in C. elegans, which 

has provided a basis to test whether the connections are inhibitory or stimulatory. However, the 

neuronal circuitry underlying behavioral responses has become complicated by the existence of 

parallel pathways, redundant neurotransmitter receptors, and overlapping circuits. This adds to 

the difficulty of uncovering a complete signaling diagram, even for an individual behavior (Fig. 

2.7). Identifying the signaling components within each behavior is an essential first step into 

understanding how behavior is mediated at the neuronal level. Fortunately, advances in the field 

of manipulating neuronal activity via optogenetics, measuring activity via fluorescent calcium 

indicators, and worm tracking have successfully facilitated the teasing apart of many 

mechanisms of the nose touch signaling pathway. 

To date, specific peptides have not been directly identified in the regulation of nose-touch 

response, yet the misregulation of neuropeptide processing clearly affects the sensory system and 

locomotory behavior. In the natural habitat of C. elegans, a number of environmental stimuli are 

detected simultaneously, which requires analysis into how these neural circuits interact with one 

another. Because nose touch response is integrated with the locomotion circuit, neuropeptides 

will play a central role in regulation of behavior. 
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Fig. 2.7. Connections underlying the nose touch response between the sensory neurons (red 

circles) and interneurons (blue squares) indicated by prior work and hypothesized based on the 

established neuronal connectome. Electrical connections are shown in arrows with two blunt 

ends, while synaptic connections are shown with arrows. The ASH, FLP and OLQ detect 

mechanical stimulation. Activity of the FLP and OLQ is regulated by a gap junction circuit with 

the CEP, RIH, and possibly the ALM/AVM. ASH activity is independent of the gap junction 

circuit. Mechanical stimulation triggers the release of glutamate from the ASH to influence 

interneuron and locomotion activity. FLP has connections with the interneurons although the 

influence of this neuron on the AVA and AIB is uncharacterized [14,26,28,35,45,60,72].  
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Chapter 3 

NPR-9, a galanin-like G-Protein Coupled Receptor, and GLR-1 regulate interneuronal 

circuitry underlying multisensory integration of environmental cues in Caenorhabditis 

elegans 

3.1 Abstract 

C. elegans inhabit environments that require detection of diverse stimuli to modulate 

locomotion in order to avoid unfavourable conditions. In a mammalian context, a failure to 

appropriately integrate environmental signals can lead to Parkinson’s, Alzheimer’s, and epilepsy. 

Provided that the circuitry underlying mammalian sensory integration can be prohibitively 

complex, we analyzed nematode behavioral responses in differing environments 

to evaluate the regulation of context dependent circuit reconfiguration and sensorimotor control. 

Our work has added to the complexity of a known parallel circuit, mediated by interneurons 

AVA and AIB, that integrates sensory cues and is responsible for the initiation of backwards 

locomotion. Our analysis of the galanin-like G-protein coupled receptor NPR-9 in C. elegans 

revealed that upregulation of galanin signaling impedes the integration of sensory evoked 

neuronal signals. Although the expression pattern of npr-9 is limited to AIB, upregulation of the 

receptor appears to impede AIB and AVA circuits to broadly prevent backwards locomotion, i.e. 

reversals, suggesting that these two pathways functionally interact. Galanin signaling similarly 

plays a broadly inhibitory role in mammalian models. Moreover, our identification of a mutant, 

which rarely initiates backwards movement, allowed us to interrogate locomotory mechanisms 

underlying chemotaxis. In support of the pirouette model of chemotaxis, organisms that did not 

exhibit reversal behavior were unable to navigate towards an attractant peak. We also assessed 

ionotropic glutamate receptor GLR-1 cell-specifically within AIB and determined that GLR-1 
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fine-tunes AIB activity to modify locomotion following reversal events. Our research highlights 

that signal integration underlying the initiation and fine-tuning of backwards locomotion is AIB 

and NPR-9 dependent, and has demonstrated the suitability of C. elegans for analysis of 

multisensory integration and sensorimotor control. 

3.2 Author Summary 

Multiple environmental cues are sensed by an organism in order to coordinate behavioral 

responses. Consequently, organisms must be able to simultaneously detect and integrate 

multiple external stimuli in order to appropriately modify their behavior. Identifying the 

unique circuits mediating the response to individual stimuli and points of overlap is essential 

to understanding how multiple signals can be integrated for a coordinated behavioral 

response. In order to analyze individual circuits, we have used the model organism C. elegans. 

We have identified that a C. elegans neuropeptide receptor (NPR-9) and a glutamate 

receptor (GLR-1) function in a single interneuron to play a broad regulatory role in multiple 

neural circuits. Our research has identified that interneuron AIB is involved in the integration 

of signals from numerous sensory neurons. Moreover, regulation of AIB via a 

neuropeptide receptor (NPR-9) and a glutamate receptor (GLR-1) coordinates AIB activity 

in the context of multisensory integration. Long-range chemotaxis behavior is initiated in 

response to odorants and is regulated by NPR-9. Our analysis indicates that reversals, and thus 

the pirouette model, are sufficient to explain chemotaxis. 

3.3 Introduction 

Neuronal circuits integrate various environmental stimuli to alter behavioral phenotypes. 

Characterization of the mechanisms underlying multisensory integration is essential to 

understanding how organisms perceive their environment. Disruptions to neural signaling 
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pathways have been linked to a variety of disorders including epilepsy and schizophrenia [1,2]. 

Although mammalian models have provided useful insights, the complexity of the vertebrate 

nervous system coupled with limitations in cell specific analysis have impeded the 

characterization of neural circuits. Alternatively, C. elegans has proven to be a model organism 

for neuroscience due its established connectome, relatively simple nervous system of 302 

neurons, and an ability to respond to an array of environmental conditions [3–7]. Individual 

neuronal pathways have been identified for distinct nematode behaviors, yet our understanding 

of how multiple environmental cues are integrated and can reconfigure signaling pathways is 

limited. For instance, nematodes respond slower to volatile odorants when a food source is not 

available [6]. Evaluation of behavior in the presence of multiple environmental cues provides a 

means to analyze how distinct cues can modify neuronal circuits. Indeed, mammalian studies 

have identified that seemingly unrelated cues (auditory and visual) have pronounced effects on 

the perception of the observer [8]. Environmental stimuli alter nematode locomotory patterns, 

e.g. backwards and forwards locomotion, via unique pathway [6,9]. For instance, mechanical and 

odorant stimuli are detected by the two ASH sensory neurons which modulate the activity of 

interneurons AIB and AVA to promote the initiation of backwards locomotion, i.e. a reversal 

[6,9]. Despite the shared neuronal contributions, the signaling pathways are differentially 

modulated by alternative environmental cues that are simultaneously integrated. More 

specifically, the presence of food alters neuronal activity and responsiveness to an odorant, while 

signaling dynamics underlying mechanical stimulation remain unaffected [6,10]. Understanding 

the mechanisms, i.e. neurons and signaling molecules, that allow for differential modulation of 

sensory pathways is essential to the field of multisensory integration. 
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Interneurons AVA and AIB function in parallel to trigger the initiation of backwards 

locomotion upon their activation [9]. However, AIB expresses serotonin, glutamate, and 

neuropeptide receptors, while AVA is only known to integrate glutamatergic signaling [11–13]. 

Mutants C. elegans that lack a functional vesicular glutamate transporter, encoded by eat-4, are 

largely defective for the initiation of a reversal in response to environmental stimuli [14]. 

However, multiple neurotransmitters and neuropeptides are released to regulate circuit activity 

[15,16]. Consequently, AIB has the unique potential to integrate diverse, context-dependent 

signals from sensory neurons. AIB is also densely connected to the interneuronal circuitry 

highlighting its capacity for a broad role in the regulation of downstream or parallel pathways 

(Table 3.1) [3]. 

AIB has been identified as a hub for the integration of signals derived from sensory 

neurons ASH, AWC and ASE in the regulation of octanol responses on and off food [17]. 

Within this study, we have expanded the range of behaviors analyzed in order to determine 

if AIB serves as a broad integration hub or is specific to octanol. Since glutamate is an essential 

signaling molecule of many behaviors and has been shown to regulate AIB activity in response 

to environmental cues, we evaluated glr-1 cell specifically across a range of behaviors [9,12,17]. 

Interactions between galanin and glutamate signaling pathways have been highlighted in 

mammalian models [18]. Hence, we also investigated a galanin-like G-Protein Coupled Receptor 

(GPCR), namely NeuroPeptide Receptor-9 (NPR-9). NPR-9 is expressed exclusively in AIB 

and modulates spontaneous locomotion. Loss of function alleles of npr-9 produce an increase 

in “dwelling” behavior characterized by a lack of forward locomotion, while over-expression of 

npr-9 increases forward locomotion [13]. 
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Table 3.1 Post-synaptic connectivity of interneuron AVA and and AIB to sensory neurons. 

Neuron Sensory connectivity 

AVA FLP, ASH, AWC, BAG 

AIB FLP, ASH, AWC, BAG, ASK, ASI, ASG, ASE, AWB 
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Loss of function of npr-9 alters spontaneous reversal frequencies on and off food, while 

also producing abnormal off food octanol responses. glr-1 knock-down (KD) specifically in AIB 

only interferes with off food octanol responses, however glr-1 (KD) in an npr-9(LF) background 

alters spontaneous locomotion frequencies. Over-expression of npr-9 abolishes the initiation 

of a reversal in response to nose touch, octanol, copper, or during spontaneous 

locomotion. Ablation of either AVA or AIB reduces spontaneous reversal frequency by ~50%. 

Ablation of both interneurons nearly abolishes reversals suggesting that AVA and AIB function 

in parallel pathways to initiate a reversal [9]. Over-expression of npr-9 mimics the dual ablation 

of AVA and AIB. Provided that npr-9 is only expressed in AIB, the npr-9(GF) phenotype 

suggests that NPR-9 can regulate both pathways. 

Moreover, identification of a mutant that rarely reverses has also allowed us to 

interrogate the behavioral mechanisms underlying long-range chemotaxis. The weathervane 

model of chemotaxis purports that nematode turning behavior mediates chemotaxis, while the 

pirouette model suggests that reversals are responsible [19–21]. Mutants exhibiting abnormal 

turning behavior exhibit normal chemotaxis responses, which has cast doubt on the weathervane 

model [22]. Here we report that the pirouette model is the primary mode of nematode 

chemotaxis. Collectively, our research indicates that NPR-9 is a key regulator of AIB, which 

serves to integrate signals from multiple sensory neurons and coordinate the interneuronal 

circuitry to control locomotion. 

3.4 Results 

3.4.1 The presence of food modifies npr-9(LF) locomotory patterns 

Food availability modifies spontaneous and evoked behavioral patterns. Nematodes move 

slower in the presence of food and exhibit less reversals compared to those in the absence of 
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food [23,24]. These behavioral changes are associated with food availability and are largely 

regulated by serotonin signaling, i.e. serotonin signaling is up-regulated while organisms are on 

food [23]. Indeed, the mutant tph-1, which is unable to biosynthesize serotonin, exhibits 

abnormal locomotory patterns during the transition from a well-fed to starved state [24, 25]. 

Inhibitory serotonin receptor MOD-1 is expressed in AIB and plays a role in the food-based 

serotonergic regulation of locomotion [11,17, 26]. AIB has been implicated in mediating the 

transition from well-fed to starved behavioral states [24,27]. 

Manipulations to NPR-9 dependent signaling alter general roaming behavior, however 

the effect on reversal frequency remains uncharacterized. In order to isolate the specific 

locomotory defect of npr-9 mutants, we evaluated reversal frequency. Behavioral analysis with 

and without food has aided in the characterization of context dependent circuit reconfiguration. 

Wildtype C. elegans exhibit spontaneous reversals on food 3 times per minute and 6 times per 

minute off food [28,29] (Fig 3.1A). In contrast, npr-9(LF) animals exhibit a decreased reversal 

frequency off food and an increased reversal frequency on food (Fig 3.1A and 3.1B). The 

abnormal reversal frequency of npr-9(LF) mutants indicates that the neuropeptide receptor 

coordinates circuit activity yet promotes differing locomotory patterns based upon environmental 

cues. 

3.4.2 Loss of GLR-1 in AIB does not alter reversal frequency 

Decreases in glutamatergic signaling, as observed in mutants defective for glutamatergic 

transmission (e.g. loss of glutamate receptor GLR-1), decreases reversal frequency both on and 

off food [29,30]. Interneuron specific expression of glr-1 suppresses locomotory defects in glr-1 

mutants indicating that glutamate regulates interneuron activity to control locomotion [29,30]. 
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Fig 3.1. On and off food reversal frequencies are regulated by NPR-9 and GLR-1 in the 

AIB. (A) Reversal phenotypes over the course of 3 minutes on food in wildtype (N2), glr-1 

knockdown in the AIB (glr-1 KD), npr-9(LF), npr-9(LF);glr-1 KD, glr-1(LF), and npr-9(GF). 

(B) Off food reversal frequencies of N2, glr-1 KD, npr-9(LF), npr-9(LF);glr-1 KD, and npr-

9(GF). Data are presented as mean +/- standard error (SE) with at least 5 animals assayed in 

three independent experiments analyzed via an unpaired two-tailed t test with Welsch’s 

correction. *** p < .001, ** p< .01, significantly different from wild-type animals under identical 

conditions. Asterisks above error bars indicate significantly different between wild-type and 

tested strains. 
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The similar on and off food phenotypes suggest that glutamatergic regulation is 

independent of nutritional state. However, a metabotropic glutamate receptor within AIB is 

essential in the regulation of starvation responses [27]. Consequently, the role of glutamate in 

regards to contextual regulation of locomotion remains unclear. In order to evaluate the role of 

GLR-1 cell specifically, we knocked-down expression of glr-1 within AIB. Organisms that 

lacked AIB glr-1 expression exhibited no change in reversal frequency. Provided that a parallel 

glutamatergic pathway is mediated by AVA and AIB, the lack of glr-1 expression is likely 

compensated by GLR-1 activity in AVA. Interestingly, AIB or AVA ablation reduces reversal 

frequency by ~50%, yet the lack of a stimulatory glutamate receptor in AIB has no effect [9]. 

This suggests that alternative receptors are able to maintain endogenous AIB activation patterns. 

3.4.3 npr-9 overexpression inhibits spontaneous reversals 

Ablation of either AIB or AVA reduces on food reversal frequency by approximately 

50%, but does not abolish reversals entirely. Collective ablation of these interneurons reduces 

reversal frequency by ~80% indicating that they promote reversals independently. AIB activation 

leads to inhibition of motor neuron RIM to trigger the initiation of backwards locomotion [9]. 

Organisms with ablated AIBs also display decreased reversal frequencies off food suggesting 

that AIB activation promotes reversals in either context [24]. 

Over-expression of npr-9 led to more than a 90% reduction in reversal frequency both on 

and off food (Fig 3.1A and 3.1B). Under standard locomotion assay conditions, AIB ablation or 

AIB-expression of cell death gene egl-1 reduces reversal frequency by roughly 50% [9,17,24]. 

Consequently, the severe lack of reversals exhibited by npr-9(GF) organisms suggests that 

NPR-9 regulates AVA in a cell non-autonomous manner (Fig 3.1A and 3.1B). Although AVA 

and AIB work in parallel to initiate a reversal, regulatory interactions have been identified 
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between the two pathways [3,24]. Regulation of AVA is largely mediated by glutamatergic 

signaling while AIB activity is dictated by a number of signaling molecules suggesting that AIB 

and AVA circuits are not redundant [11–13,30]. Cross-talk between AVA and AIB mediated 

circuits would ensure that AIB signal integration is incorporated to fine-tune locomotion. Such 

crosstalk could include synaptically transmitted glutamate or peptides that are expressed in 

interneurons.  

3.4.4 Glutamate and NPR-9 regulate omega turns 

Omega turns are a component of C. elegans locomotion in which the nematode exhibits a 

135° change in direction resembling an omega (Ω) symbol. These turns are characteristically 

observed after off-food reversals of three or more head swings, termed “long reversals” [24]. 

Null glr-1 mutants exhibit a decrease in the number of omega turns per minute [31]. Similar to 

the nose touch pathway, glutamate is likely the major coordinator of omega turns. 

Since omega turns occur at the end of a reversal, the regulation of omega turns is likely 

independent from the signaling pathway underlying the initiation of backwards locomotion.  

Analysis of omega turn frequency thus allows for the interrogation of neuronal fine-tuning 

independent of reversal initiation. Organisms with ablated AIB neurons exhibit a reduction in 

omega turns indicating that AIB promotes omega turn behavior, while AVA ablations do not 

alter omega turn patterns [24]. Prior analyses of omega turns have characterized the behavior 

by measuring either the frequency of omega turns or the absolute number [24,31]. For instance, 

an organism that exhibited 6 reversals and 3 omega turns in three minutes would be calculated as 

50% with our research parameters, while absolute measurements would present the data as 1 

omega turn/minute. However, an organism that reversed 30 times and exhibited 3 omega turns 

would still be represented as 1 omega turn per minute, while we would present that as 10%.  We 
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calculate omega turn frequency relative to the total number of reversals in order to determine 

how frequently an omega turn occurs after a reversal as opposed to counting omega events 

without consideration for reversal frequency. Considering omega turns are coupled to reversals, 

the number of omega turns per minute is dependent on reversal frequency. Thus, measuring the 

absolute number of omega turns simultaneously analyzes the initiation and termination of 

reversals, which are distinctly regulated [17]. In order to solely interrogate the circuitry 

regulating omega turns, we have evaluated glr-1 KD, glr-1 and npr-9 mutants for omega turn 

frequency. Wildtype organisms perform an omega turn after roughly 40% of reversals off food 

(Fig 3.2). glr-1 null organisms exhibited an increased omega frequency (Fig 3.2). To the 

contrary, loss of glr-1 within the AIB produced a deceased omega turn frequency (Fig 3.2). 

Consequently, GLR-1 function within AIB serves to promote omega turns while alternative 

neurons inhibit omega turns via GLR-1. Despite a role in regulating off-food spontaneous 

reversals, npr-9 null animals exhibited no significant change in omega turns (Fig 3.2). 

Surprisingly, the omega turn frequency of npr-9(LF); glr-1 KD did not differ from N2 (Fig 3.2). 

This could suggest that AIB regulation of omega turns via GLR-1 is dependent on functional 

NPR-9 signaling. Since omega turns occur after the initiation of reversals, termination events, 

e.g. omega turns, are likely dependent on the upstream signaling dynamics. Over-expression of 

npr-9 decreased omega turn frequency likely due to the absence of reversals (Fig 3.1). We  
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Fig 3.2. Glutamate is a key regulator of omega turns. N2, glr-1(LF), glr-1 KD, npr-9(LF), 

npr-9(LF);glr-1 KD, and npr-9(GF) were tested for the frequency of reversals that terminate 

with an omega turn during off food conditions Data are presented as mean +/- standard error 

(SE) with at least 5 animals assayed in three independent experiments analyzed via an unpaired 

two-tailed t test with Welsch’s correction. *** p < .001, significantly different from wild-type 

animals under identical conditions. 
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suspect that npr-9(GF) exhibits infrequent omega turns due to inhibition of the upstream reversal 

initiation. Collectively, the data indicates that NPR-9 is essential for the initiation of a reversal, 

while GLR-1 fine-tunes the termination of a reversal via omega turns. 

3.4.5 NPR-9 and GLR-1 play a role in neuronal signaling underlying nose touch 

responses 

The initiation of backwards locomotion following mechanostimulation to the nematode 

nose is known as the “nose touch response”. In contrast to the signaling pathway underlying 

spontaneous locomotion, serotonin does not regulate the nose touch response [32]. Defective 

nose touch responses amongst glutamate receptor mutants (glr-1 and glr-2) indicate that 

glutamate is the primary signaling molecule regulating the nose touch circuitry [33]. The 

initiation of backwards locomotion evoked from nose touch is dependent on the AVA/AIB 

parallel pathway that governs spontaneous locomotion reversal frequency. GLR-1 activity in 

either AVA or AIB is sufficient to restore the nose touch response in a glr-1 mutant background 

[9]. Although AVA and AIB interneurons regulate reversal patterns, similar to spontaneous 

locomotion, the absence of a role for serotonin suggests that the circuit is differentially 

modulated. 

We evaluated nose touch responses of npr-9 and glr-1 KD mutants to delineate signaling 

differences between spontaneous locomotion and reversals provoked by nose touch. In 

agreement with the parallel pathway, glr-1 KD in the AIB exhibited no defect in nose touch 

responses (Fig 3.3). Despite the reduction in spontaneous reversal frequency, npr-9(LF) and 

npr-9(LF);glr-1 KD organisms exhibited wildtype nose touch responses (Figs 3.1A, 3.1B and 

3.3). To the contrary, AIB ablation results in a reduced, although not abolished, nose touch 

response which suggests that abnormal AIB regulation should affect signal dynamics [3]. 
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Fig 3.3. Over-expression of npr-9 inhibits nose touch responses. Wildtype, glr-1(LF), glr-1 

KD, npr-9(LF), npr-9(LF);glr-1 KD, and npr-9(GF) were evaluated for ability to respond to nose 

touch stimulation. Data are presented as mean +/- standard error (SE) with at least 10 animals 

assayed in three independent experiments analyzed via an unpaired two-tailed t test with 

Welsch’s correction. *** p< .001, significantly different from wild-type animals under identical 

conditions. 

 



	 92	

However, npr-9(GF) resembled the glr-1 null mutant and rarely responded to nose touch 

stimulation (Fig 3.3). Despite the distinct pathways underlying spontaneous and nose touch 

reversals, npr-9(GF) fails to reverse in either context which suggests that signals downstream 

of NPR-9 broadly inhibit multiple circuits. 

3.4.6 GLR-1 and NPR-9 play a unique role in the octanol response 

Octanol is a volatile odorant that stimulates backwards locomotion. In the presence of 

food, organisms respond to dilute (30%) octanol within 3–5 seconds. Without food in the 

environment, nematodes initiate backwards locomotion within 8–10 seconds [34]. Application of 

exogenous serotonin, in the absence of a bacterial lawn, can restore on food responses [34]. A 

complex network of neuropeptides and neurotransmitters regulate dilute (30%) octanol responses 

on and off food [15,16]. Sensory neuron AWC basally stimulates AIB via GLR-1, while ASE 

derived glutamate acutely inhibits AIB activity AVR-14. Moreover, MOD-1 functions to basally 

inhibit AIB activity while organisms are on food [17]. Collectively these results indicate that 

AIB is an integration hub for signals derived from differing sensory neurons that act 

antagonistically to regulate AIB activity. The integration of multiple signals allows for “fine 

tuning” of backwards locomotion, i.e. dictating the trajectory of movement after reversal 

termination. 

Since npr-9 null animals have been shown to display hyper-aversive responses to dilute 

octanol off food, we evaluated octanol response [15]. In agreement with previously published 

research, glr-1 KD and npr-9(LF) organisms displayed a hyper-aversive off food response (Fig 

4B). However, npr-9(LF);glr-1 KD responded slower than npr-9(LF) on and off food, but did 

not differ from glr-1 KD in either condition (Fig 3.4A and 3.4B). The hyper-aversive npr-9(LF)  
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Fig 3.4. NPR-9 and GLR-1 signaling are non-essential for on food 30% octanol behavior, 

but play a role in off food 30% octanol responses. (A) N2, eat-4, glr-1 KD, npr-9(LF), npr-

9(LF);glr-1 KD, and npr-9(GF) were assayed for responses to 30% octanol on food. (B) The 

aforementioned strains were evaluated for responsiveness to 30% octanol off food. Data are 

presented as mean +/- standard error (SE) with at least 10 animals assayed in three independent 

experiments analyzed via an unpaired two-tailed t test with Welsch’s correction. *** p < .001, 

significantly different from wild-type animals under identical conditions. Asterisks above error 

bars indicate significantly different between the two strains. 
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and glr-1 KD octanol phenotype suggest that NPR-9 and GLR-1 inhibit the initiation of reversals 

during off food octanol conditions. Loss of both receptors in AIB continues to produce a 

hyper-aversive phenotype that resembles glr-1 KD. This suggests that signaling downstream of 

NPR-9 activation is partly dependent on GLR-1 regulation of AIB activity in the octanol 

pathway.  In agreement with an inhibitory role for NPR-9, npr-9(GF) mutants did not respond to 

30% octanol on or off food (Fig 3.4A and 3.4B). 

3.4.7 Overexpression of NPR-9 does not inhibit all reversals 

The lack of reversals exhibited by npr-9(GF) could be due to the inhibition of signaling 

pathways that promote backward locomotion or simply due to impaired muscle contraction. AIB 

is pre-synaptic to AVA, which could facilitate the transmission of inhibitory signals after NPR-9 

activation to inhibit reversals [3]. Thus, we sought to analyze npr-9(GF) for a behaviour that 

was not mediated by interneurons that are post-synaptic to AIB. The harsh touch response, in 

which prodding an organism with a wire pick anterior to the vulva induces a reversal, is 

primarily mediated by AVD, while an AVA ablation produces no defect [35]. AIB does not 

exhibit gap junctions or chemical synapses with AVD [3]. To determine if the npr-9(GF) defect 

is due to a physiological or signaling abnormality, we evaluated the mutant for the harsh touch 

response. Application of harsh touch to npr-9(GF) mutants induced reversals at wildtype levels 

(Fig 3.5). The positive harsh touch response suggests that the lack of reversals in response to 

differing stimuli is reflective of circuit miscoordination rather than a physiological inability to 

reverse. Moreover, this result reinforces the hypothesis that if NPR-9 is exclusively expressed in 

the AIB then it likely inhibits multiple interneurons via the transmission of signaling molecules 

through synaptic connections. Similar to the harsh touch response, the AVD is the primary 

mediator of reversals evoked from the plate tap [21,36]. 
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Fig 3.5. npr-9(GF) initiates reversals in response to harsh touch. Wildtype and npr-9(GF) 

organisms do not differ in their responses to mechanostimulation via harsh touch. Data are 

presented as mean +/- standard error (SE) with at least 5 animals assayed in three independent 

experiments analyzed via an unpaired two-tailed t test with Welsch’s correction. NS = non-

significant. 
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3.4.8 Misregulation of the interneuronal circuitry does not alter diacetyl chemotaxis 

At low concentrations, diacetyl is a chemoattractant to C. elegans [37]. odr-10 is a GPCR 

expressed in AWA that is essential for diacetyl chemotaxis [38]. Analysis of the interneurons 

that are involved in diacetyl chemotaxis has revealed a complex network of regulation. Inhibition 

or activation of interneurons AIB, AIY, AIZ, and AIA can alter an organism’s ability to exhibit 

chemotaxis to high or low concentrations of diacetyl [39]. These results indicate that 

complex interneuronal regulation is essential for the regulation of locomotory responses 

underlying general chemotaxis behavior. In order to determine the importance of circuit 

regulation in chemotaxis, we analyzed npr-9(LF) and glr-1 KD organisms. Despite the irregular 

locomotory patterns, npr-9(LF), glr-1 KD, and npr-9(LF);glr-1 KD all responded to diacetyl 

(Fig 3.6). In the context of diacetyl, it appears that loss of npr-9 and/or glr-1 in the AIB does not 

interfere with the integration of diacetyl-derived signals. 

3.4.9 Reversal frequency is essential for attraction to diacetyl in support of the pirouette 

model of chemotaxis 

C. elegans chemotaxis is also mediated by locomotory behaviours; however, the 

behavioral mechanism underlying attraction is an issue of debate. Two theories have been 

proposed to explain chemotaxis: the weather vane model and the pirouette model [19–22]. The 

weathervane model purports that nematode attraction is mediated by gradual turns that allow a 

nematode to sense concentration changes and alter direction accordingly. On the other hand, the 

pirouette model suggests that chemotaxis is mediated by sharp changes in direction and 

reversals, i.e. pirouettes. To determine the role of reversals and the pirouette model in 

chemotaxis, we evaluated npr-9(GF) for diacetyl chemotaxis (Fig 3.6). The lack of reversals 

within npr-9(GF) mutants translated to a defective chemotaxis response in support of the  
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Fig 3.6. npr-9(GF) is not attracted to low concentrations of diacetyl. N2, odr-10, glr-1 KD, 

npr-9(LF), npr-9(LF);glr-1 KD, and npr-9(GF) were assessed for chemotaxis to low 

concentration of diacetyl. Data are presented as mean +/- standard error (SE) with at least 50 

animals assayed in three independent experiments analyzed via an unpaired two-tailed t test with 

Welsch’s correction. *** p < .001, significantly different from wild-type animals under identical 

conditions. 
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pirouette model of chemotaxis. Although npr-9(GF) mutants rarely reverse, they do exhibit 

turning behavior, thus the chemotaxis defect is most likely due to the reversal abnormality [13]. 

3.4.10 Mechanosensory stimulation of reversals can rescue the npr-9(GF) diacetyl defect 

As previously mentioned, a plate tap can induce the initiation of backwards locomotion in 

npr-9(GF) mutants. To further determine the importance of reversal behavior as a mediator of 

chemotaxis, we incorporated a mechanosensory stimulus, i.e. a plate tap, into the diacetyl assay. 

If the npr-9(GF) diacetyl defect is derived solely from a lack of reversals, the induction of 

reversals via an alternative stimulus should restore diacetyl responsiveness. In support of this 

hypothesis, consistent administration of plate taps throughout the diacetyl assay increased 

chemotaxis responses in npr-9(GF) mutants (Fig 3.7). Since the diacetyl defect of odr-10 is due 

to an inability to detect low concentration diacetyl, the induction of reversals should not alter the 

phenotype. As expected, odr-10 mutants remain defective despite evoked reversal behavior (Fig 

3.7). 

3.4.11 The initiation of reversals does not negatively affect chemotaxis 

Observational analyses have noted that nematodes are less likely to initiate a reversal 

when moving towards a higher concentration of an attractant [20]. The introduction of a plate tap 

during diacetyl chemotaxis assays with large sample sizes likely triggers backwards locomotion 

in nematodes that are moving towards and away from an attractant. Consequently, worms that 

are already oriented towards an attractant could be negatively affected by inducing a reversal. 

We introduced plate taps in assays that evaluated individual nematode responses as they 

moved towards and away from an attractant. N2 and npr-9(GF) organisms exhibited no 

difference in their ability to re-orient towards an attractant regardless of their initial trajectory 

(Fig 3.8).  We also established that reversals increase the likelihood that organisms reorient  
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Fig 3.7. Inducing reversals with plate tap stimulation improves diacetyl responsiveness in 

npr-9(GF) organisms. odr-10 and npr-9(GF) populations were evaluated for the diacetyl 

response, while plate taps were performed. Data are presented as mean +/- SE and analyzed with 

an unpaired two-tailed t test with Welsch’s correction. ** p< .01, significantly different from 

odr-10 animals under identical conditions. NS = non-significant. Asterisks above error bars 

indicate significantly different between the two strains. 
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Fig 3.8. Inducing reversals with plate tap stimulation does not negatively affect chemotaxis. 

N2 and npr-9(GF) were evaluated for individual diacetyl responses, while plate taps were 

performed. Data are presented as mean +/- standard error (SE) with one animal assayed in 20 

independent experiments analyzed via an unpaired two-tailed t test with Welsch’s correction NS 

= non-significant. Asterisks above error bars indicate significantly different between the two 

strains. (away) indicates that organisms were initially oriented away from the attractant peak 

before plate tap, while (towards) indicates that organisms were initially moving towards the 

attractant peak before plate tap. 
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towards an attractant; however, a reversal did not guarantee that an organism will immediately 

re-orient to an attractant. The behavior is likely repeated throughout the course of chemotaxis 

until a nematode reaches the attractant peak. Ultimately, locomotory patterns, i.e. turning and 

reversals, must be a component of chemotaxis as they are integral to nematode locomotion. 

However, in regards to the initial detection of diacetyl, reversal behavior alone is sufficient for 

wildtype chemotaxis. 

3.4.12 Upregulation of npr-9 interferes with the integration of food cues and starvation 

signaling 

ASH neurons also mediate copper aversion; G protein GPA-3 mediates responses to 

copper while ODR-3 transduces signals related to osmotic and mechanical avoidance [40–42]. 

The introduction of copper in the presence of food leads to increased depolarization of ASH 

relative to off food activity. Such changes in electrical activity are reflected behaviorally; 

organisms respond more robustly to copper if food is present [32]. npr-9(GF) organisms do not 

exhibit behavioral changes in response to food suggesting that the integration of food derived 

signals is inhibited (Figs 3.1, 3.2 and 3.3). A modified food race assay was utilized to evaluate if 

npr-9(GF) organisms can reach and maintain themselves on a bacterial food patch over the 

course of a 4 hour assay [43]. Moreover, a repulsive stimulus, i.e. copper, was also incorporated 

into the assay to evaluate if the abnormal aversive behavior of npr-9(GF) organisms would 

persist for extended periods of time. Coupling of attractant and antagonistic sensory cues has 

proven useful in characterizing the molecular underpinnings of behavioral choice [44]. 

Intuitively, the requirement for nutrition, i.e. food, is more important than exposure to potentially 

harmful environmental conditions if an organism is forced to choose between the two. As a 

consequence, the copper food race assay evaluates behavioral choice between an attractant 
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(food) and an aversive cue (copper) over an extended period of time [44]. Wildtype organisms 

are able to cross the copper barrier, find the food patch, and alter their locomotory behavior to 

maintain themselves on food (Fig 3.9A). Without food, nematodes rarely cross the barrier despite 

experiencing starvation conditions for 4 hours (Fig 3.9B).  This indicates that nematodes can 

sense the presence of food across the copper barrier and that stimulation via food over-rides the 

aversive response as worms become more starved. We observed that npr-9(GF) animals would 

cross the barrier shortly after transfer to the plate and reach the food source. 

However, they did not maintain themselves on the food patch and would even re-cross 

the copper barrier rather than stay in a food-rich environment. Despite the ability to cross the 

copper barrier, npr-9(GF) organisms were incapable of modulating locomotory patterns to 

maintain themselves on the food patch (Fig 3.9A). Moreover, the absence of food did not alter 

aversive behaviors of npr-9(GF) mutants (Fig 3.9B). Provided that food should stimulate a 

higher aversive response, this suggests that upregulation of NPR-9 dependent signaling interferes 

with the integration of food cues [32]. 

3.5 Discussion 

Although the C. elegans nervous system is relatively simple, the organism is capable of 

detecting and integrating multiple environmental signals to modulate locomotion [4–7,9–12]. 

Consequently, C. elegans has proven to be a genetic model for the study of multisensory 

integration and sensorimotor control. Diversity in the distinct signaling pathways underlying 

nematode behaviors highlights that neural circuits can be regulated in an acute, i.e. sensory 

evoked, and tonic, i.e. spontaneous, fashion [3]. In mammalian models, an inability to integrate 

environmental cues has been linked to sensory processing disorders such as autism, epilepsy, and 

schizophrenia [1–2,45]. Although a number of neurons and signaling molecules have been 
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Fig 3.9. npr-9(GF) does not integrate food cues to modulate locomotory and aversive 

behavior to copper. 

(A) N2 and npr-9(GF) were evaluated for their ability to reach and stay on food during the 

copper-modified food race assay. (B) The aforementioned strains were evaluated for copper 

aversion in the absence of food in which positive responses are scored as crossing the copper 

barrier. Data are presented as mean +/- SE and at least 10 animals were assayed in three 

independent experiments analyzed with a two-way RM ANOVA. ** p< .01, significantly 

different from N2 animals under identical conditions. 
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identified, the characterization of the nematode locomotory circuit remains incomplete. AIB 

connectivity to a variety of sensory and inter- neurons indicates that the interneuron is 

extensively wired to integrate sensory evoked signals and regulate the interneuronal network 

[3,31]. 

3.5.1 AIB coordinates interneurons of the spontaneous locomotory circuit 

The pathway underlying spontaneous reversal frequency is regulated in a tonic fashion 

[17]. Acute inputs, reflective of novel environmental conditions, can modify AIB activity to shift 

from tonic to phasic regulation. The mechanisms that regulate such transitions in mammalian 

models have been impeded by the complexity of signaling pathways [46]. Analysis of AIB 

regulation in C. elegans has provided a more comprehensive view of the processes that mediate 

regulatory shifts [17]. 

Interneurons AVA and AIB function in parallel to initiate a spontaneous reversal on food; 

however, AVA regulation is primarily mediated via glutamate receptors, while AIB integrates 

serotonin, glutamate, and neuropeptide signals [9,11–13]. Activation of AVA or dis-inhibition 

of AIB can lead to a reversal [9]. In mammals, a similar sensorimotor circuit has been identified 

within the basal ganglia known as the ‘direct and indirect pathways model’ [47,48]. Initially, 

the direct and indirect pathways were believed to be distinctly regulated and have opposite 

effects on movement, however recent evidence has suggested that these circuits are structurally 

and functionally intertwined [48]. The presence of a synaptic connection from AIB to AVA 

suggests that these two circuits are structurally intertwined. Functional interactions between the 

AVA and AIB circuitries have also been identified in the regulation of locomotory 

responses to osmotic changes [9]. On food, AIB activity is inhibited via serotonin-gated chloride 

channel MOD-1 and disinhibition events trigger a reversal [17]. The presence of food and 
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subsequent increased serotonin has no modulatory effect on the npr-9(GF) phenotypes indicating 

that excessive NPR-9 signaling interferes with the integration of serotonergic food cues. 

Similarly, serotonin pathways can reconfigure mammalian circuits and excessive galanin inhibits 

the integration of serotonin signals [49,50].  

After a reversal event, nematodes recommence forward locomotion, alter their trajectory 

with minor turns, or perform an omega turn to facilitate a large directional change. Accordingly, 

the prevalence of omega turns is dictated by neuronal fine-tuning following reversal initiation. 

Fine-tuning of neurons in complex behaviors has also been highlighted in optic motor control 

and neuronal responses to opioids [51,52]. Such neuronal fine-tuning provides a mechanism that 

allows for a small population of neurons to mediate diverse and complex behaviors. Recent 

evidence has highlighted that inhibitory and stimulatory glutamatergic inputs coordinate AIB 

activity to dictate behaviors following a reversal. However, up-regulation of NPR-9 can impede 

AIB dis-inhibition related to reversals and omega turns despite unique regulatory mechanisms 

underlying each behavior. Ablations to interneurons AIY, RIB, RIM, and RIV also alter omega 

turn frequencies indicating that the omega turn circuitry is likely regulated by outputs from a 

number of interneurons [24]. In agreement with a general inhibitory role, galanin broadly inhibits 

neuronal activity in mammalian models [53–55]. 

3.5.2 Excessive galanin signaling prevents AIB integration of acute inputs 

GLR-1 activity within either circuit, i.e. the activation of AVA or AIB, is sufficient for a 

nosetouch evoked reversal. The lack of reversals observed in npr-9(GF) animals suggests that 

signals from AIB can inhibit reversals initiated by AVA. Existing synaptic connections from 

AIB to AVA could mediate the transmission of modulatory signals [3]. Unlike spontaneous 

locomotion and octanol, the presence or absence of food does not modulate nose touch evoked 



	 106	

backwards locomotion [10]. Moreover, the touch response is instantaneous, indicating that 

acutely stimulated pathways can operate on different timescales. Despite the different timescale 

and signaling modalities, excessive galanin receptor activation impedes multiple circuitries to 

inhibit backwards locomotion. 

Analyses of on and off food octanol responses allows for the dissection of acute pathways 

that are reconfigured by the presence of food, i.e. context dependent circuit reconfiguration [56]. 

Similar circuit reconfiguration has also been shown to modulate vertebrate locomotory pathways 

[57]. Reversals stimulated via octanol are regulated by a complex signaling pathway that is 

coordinated by tyramine, octopamine, serotonin, glutamate, dopamine, and neuropeptides 

[15,17,58]. Octopamine is analagous to norepinephrine and its role in octanol signaling been 

likened to noradrenergic inhibition of nociception, i.e. pain, in mammals [59]. Inhibition of AIB, 

via a histamine-gated chloride channel, reduces spontaneous reversal frequency, yet produces a 

more rapid octanol response [17]. Despite the complexity of the octanol pathway, abnormal 

regulation of one neuron, i.e. AIB, via up-regulation of NPR-9, prevents the integration of any 

signal that could modify locomotory phenotypes. Similarly, up-regulation of galanin signaling in 

a mammalian context has been shown to impede the integration of food related environmental 

cues associated with Alzheimer’s disease and has been linked to antinociception in mammalian 

models [60, 61]. 

Responses to aversive stimuli facilitate the avoidance of unfavourable habitats. However, 

organisms exhibit less robust aversive responses the longer they are removed from food [6,62]. A 

reduction in serotonin signaling reconfigures neuronal networks to facilitate exploratory behavior 

to find a food source, while ignoring aversive cues [24]. Despite starvation conditions and altered 

neuronal regulation, upregulation of galanin signaling prevents locomotory modulation upon 
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nematodes reaching a food source. The unique circuitry of the harsh touch response circumvents 

NPR-9 dependent inhibition. Interneurons AVA/AVD/AVE collectively regulate the initiation of 

some reversals, however each neuron has unique synaptic connectivity and receptors suggesting 

unique roles [3,11–13]. For example, AVD ablation does not differ from mock ablations relative 

to spontaneous reversals, but produces a reversal defect for harsh touch responses [9,36]. AIB is 

pre-synaptic to AVA and AVE, but is not pre-synaptic to AVD [3]. Provided that excessive 

galanin signaling does not inhibit harsh touch responses, the regulatory of influence of AIB is 

likely facilitated via synaptic transmission rather than extrasynaptic mechanisms. The lack of 

reversals impedes chemotaxis in support of the pirouette model of chemotaxis. C. elegans sense 

fluctuations in odorant concentration rather than absolute concentration, thus locomotory 

patterns must somehow accommodate changes in direction. Changes in reversal behavior 

(pirouette model) and/or changes in turning behavior (weathervane model) have been proposed 

to explain how modulation of locomotion can enable the detection of different attractant 

concentrations [19–21]. Conversely, nematodes that exhibit a severely defective turning behavior 

are not defective for chemotaxis suggesting that turning behavior is nonessential for attractant 

detection [22]. The lack of chemotaxis in npr-9(GF), a mutant that turns but does not reverse, 

reinforces that only reversals are essential to diacetyl chemotaxis. Similar to the pirouette model, 

the biased random walk facilitates bacterial chemotaxis [63].  

In our research we have shown that npr-9, a galanin-like GPCR, is a key regulator of 

reversal frequency in response to diverse stimuli. The analysis of multiple behaviors has 

highlighted the essential role of NPR-9 in regulating the interneuronal circuitry and has 

reinforced that AIB is a key hub for the integration of diverse sensory outputs. Moreover, 

regulation via NPR-9 can be circumvented in neurons that are not post-synaptic to AIB (e.g. 
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AVD). Our study illustrates that excessive galanin signaling impedes the integration of 

environmental cues in AIB and that NPR-9 broadly coordinates the interneuronal circuitry 

despite expression limited to a single interneuron. 

 

3.6 Materials and Methods 

3.6.1 C. elegans culture 

C. elegans were maintained at 20°C on NGM agar plates seeded with OP50 E. coli according to 

standard protocols. 

3.6.2 Strains 

The following strains were used: wild-type strain N2, IC683 npr-9(tm1652), IC836 quIS20 

[npr-9::npr-9; sur-5::gfp; odr-1::rfp], KP4 glr-1(n2461), MT6308 eat-4(ky5), CX3410 odr-10 

(ky225). 

3.6.3 Transgenic strains 

Germline transformations were performed according to standard protocol. For glr-1 KD, 50 ng 

of odr-1::RFP plasmid was used as the co-injection marker with 50 ng of the glr-1 KD plasmid. 

3.6.4 Plasmid construction 

glr-1 KD. Andrew Fire vector pPD96.41 (empty backbone plasmid) was digested with 

HindIII and SmaI. A 2,002 bp npr-9 promoter was PCR amplified from WT genomic DNA. 

The promoter was then cloned in the forward orientation with HindIII and SmaI and inserted 

into these sites. The npr-9 promoter was also cloned in the reverse orientation using BglII and 

XhoI to generate a plasmid with a forward and reverse orientation npr-9 promoter. A 371 base 

pair segment of the glr-1 coding region was PCR amplified from the cDNA library and cloned 

into the vector with NheI and KpnI digestion sites. The glr-1 cDNA insert was cloned between 
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the forward and reverse orientation promoters to produce double stranded RNA of glr-1 

wherever npr-9 is expressed (i.e. AIB). Primer sequences are included in S1 Table. 

3.6.5 Behavioral assays 

For each assay L4 hermaphrodites were picked 16–24 hours prior to the start of an assay. 

All assays were performed at 20–23°C. Nematodes that were damaged during transfer or roamed 

off of the plate were not included in the data set. For on food reversal frequency assays, plates 

were seeded with 200 µl OP50 E. coli bacteria. The bacteria was then distributed to cover the 

entire plate. Seeded plates were incubated overnight and allowed to dry prior to the assay. 

Reversal frequency assays were performed as previously described [64]. Briefly, a young 

adult worm was transferred to a seeded an assay plate and allowed to acclimate for 1 minute 

prior to the start of the assay. Reversals were counted manually over a three minute period. Off 

food reversal frequency measurements were performed similarly; however, worms were 

transferred to an intermediate plate with no food for 1 minute prior to the assay start time to 

ensure that bacteria would not be carried over. A nematode was transferred from an intermediate 

plate to an assay plate with M9; excess M9 was removed delicately with a kim-wipe. Nose touch, 

octanol, harsh touch, and diacetyl assays were performed as previously described [6,35,65–67]. 

Nose touch assays were carried out in the absence of food. A hair was placed in front of a 

forward moving worm so that the organism collided with the hair at a perpendicular angle. Each 

nematode was tested 10 times for nose touch and data was recorded as % responding. For 

octanol assays, responsiveness was determined by placing a hair dipped in 30% octanol in front 

of a forward moving organism. On food assay plates were prepared as previously mentioned. Off 

food octanol assays were performed after the nematode remained off food for ten minutes. 
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Diacetyl assays were performed with a minimum of 50 worms, as dispersal timing can be 

population density dependent. 

Diacetyl assay plates were prepared as follows: 4 equal quadrants were marked on the 

underside of the plate with a 0.5 cm radius circle marked in the middle of the plate designated 

the “origin”. A point was marked in each quadrant that was equidistant from the origin and 

other quadrant points. Two points were designated as controls (EtOH and 0.5 M sodium azide) 

or test (0.5% diacetyl diluted with EtOH and 0.5M sodium azide). 50–250 nematodes were 

washed in S Basal buffer and transferred to the origin with test or control solutions added to 

their designated points after transfer. The number of organisms outside the origin were 

counted to calculate the chemotaxis index. The “diacetyl tap assay” is a modified version of the 

previously described diacetyl assay; the modification involves the use of a plate tap to induce a 

reversal. Plate taps are performed once every 15 seconds throughout the one-hour diacetyl 

assay. The plate is rotated 90 degrees after each plate tap to prevent directional bias. The 

individual analysis of diacetyl responses to tap utilized a previously described chemotaxis assay, 

in which a radial gradient was established and a gradient peak is clearly marked on the plate [21]. 

Plate taps were incorporated into this assay and administered throughout. Single nematodes were 

tested for the ability to orient towards the attractant peak after tap application while moving 

away or towards the peak. A minimum of 5 trials per organism were used to evaluate tap 

responses.  

The copper-modified food race assay was designed based on a previously utilized food 

race assay and behavioral choice assay [43,44]. Plates were seeded with OP50 E. coli with a food 

patch that was positioned to one side of the plate rather than central. After the seeded plates were 

incubated overnight to allow for bacterial growth, approximately 100 µl of a 0.5 M copper (II) 
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sulfate solution was applied to an agar plate to create a barrier that divided the agar plate in two 

sections. This solution was also applied around the edge of the plate to prevent organisms from 

leaving the assay plate entirely. Once the copper (II) sulfate solution had dried, organisms were 

transferred to the section of the plate with no food with M9. Excess M9 wasremoved with a kim-

wipe. Every 30 minutes worms were positively scored if they crossed the copper barrier and 

were observed on food. In the absence of food, positive responses were scored if nematodes 

crossed the copper barrier. 
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Chapter 4 

Integration hub AIB regulates C. elegans fat and feeding 

4.1 Abstract 

External stimuli provoke circuit modulation via serotonin, octopamine, tyramine, and 

peptide signaling pathways to ensure that behavioural and physiological strategies are optimized 

to relevant environmental conditions. C. elegans has a relatively small nervous system of 302 

neurons. Neuromodulation enables a small number of circuits to carry out diverse roles. 

Interneuron AIB is as a hub for the integration of numerous signals evoked from sensory 

neurons. Previously, galanin-like G-protein coupled receptor NPR-9 has been found to function 

exclusively in AIB to regulate the integration of environmental cues and subsequent locomotory 

modifications. However, npr-9(LF) organisms also exhibit a high-fat phenotype suggesting a 

role for AIB in lipid metabolism. We therefore interrogated AIB regulation by cell-specifically 

knocking down a serotonin receptor, tachykinin receptor, and vesicular glutamate transporter to 

determine if multiple lipid regulatory signals converge in AIB. We identified that multiple fat-

modulatory signals are integrated in AIB and that glutamate is the major AIB output. We also 

probed the AIB-RIM relationship in the context of TGF-β receptor homolog DAF-1 lipid 

misregulation. Moreover, recent investigations have highlighted that AIB plays a role in diverse 

phenotypes. We therefore evaluated feeding behaviour, egg laying, and responsiveness to 

starvation. Our results suggest that AIB signaling modulates diverse signaling pathways. 
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4.2 Introduction 

Mammalian energy homeostasis is regulated by a complex network of signaling 

molecules originating from the nervous system and the gut functioning to balance energy 

expenditure and consumption (Farias et al., 2017). The release of signals from the gut, via the 

vagal afferent pathway, reflects nutritional status and modulates hypothalamus activity. Upon 

reception of these gut-derived signals, the hypothalamus coordinates behavioral responses, such 

as the commencement or cessation of eating (Ueno and Nakazato, 2016). Although research has 

shown signaling from the gut is a key regulator in fat control and appetite, genome-wide 

association studies have revealed that the majority of obesity candidate genes are expressed in 

the nervous system (Yeo and Heisler, 2012). 

The gut of Caenorhabditis elegans is not innervated, yet recent investigations have 

shown that brain-gut communication is facilitated via serotonin-regulated peptidergic signaling 

(Palamiuc et al., 2017). Mutants defective in serotonin biosynthesis, namely tph-1, or serotonin 

receptor signaling, i.e. mod-1, display high-fat phenotypes substantiating a role for serotonin (5-

HT) as a regulator of metabolism (Sze et al., 2000; Srinivasan et al., 2008). Analysis of the 

serotonergic circuit has revealed that MOD-1 functions in sensory neuron URX and that 5-HT 

mediated fat loss is regulated via neuroendocrine signal FLP-7 release from sensory neuron ASI 

(Noble et al., 2013; Palamiuc et al., 2017). FLP-7 is secreted from ASI into the pseudocoelomic 

fluid and binds NPR-22 in the intestinal cells which increases expression of adipocyte 

triglyceride lipase atgl-1 (Palamiuc et al., 2017).  

Although serotonin signaling is an essential indicator of food availability, starvation 

responses are partly dependent upon glutamatergic signaling (Sze et al., 2000; Kang and Avery, 

2009). Metabotropic glutamate receptors (MGL-1 and MGL-2) function in AIY and AIB to 
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integrate environmental cues that function as anti-hunger signals (Kang and Avery, 2009). 

Starvation conditions also recruit octopaminergic (OA) signaling from RIC interneurons to 

promote fat loss via the lipase LIPS-6 upon activation of intestinal SER-3 (Tao et al., 2016). 

Investigations into food-dependent behavioural patterns have revealed that an intricate cascade 

of tyramine (TA), OA, 5-HT, and neuropeptides coordinate starved versus well-fed physiological 

states (Wragg et al., 2007; Harris et al., 2011; Hapiak et al., 2013; Li et al., 2012).   Hence, 

numerous environmental cues and subsequent sensory-evoked signaling molecules shape the 

neural circuitry in a context-dependent manner to balance intestinal fat stores. 

Recent investigations have also revealed a functional role for interneuron AIB in the 

integration of serotonergic and sensory-evoked signals (Harris et al., 2009; Summers et al., 

2015). mod-1 mutants display a delayed locomotory response to the noxious odorant, octanol, 

which can be rescued via expression of mod-1 under the galanin-like neuropeptide G-protein 

coupled receptor (GPCR) npr-9 promoter producing exclusive expression in AIB (Bendena et al., 

2008; Harris et al., 2009). Moreover, AIB interneurons also mediate foraging search patterns 

suggesting a diverse role for the integration of environmental cues (Calhoun et al., 2015). Indeed, 

further investigation has shown that AIB integrates sensory-evoked signals from AWC, ASE, 

and ASH to fine-tune locomotory patterns in response to complex environmental cues (Summers 

et al., 2015; Chalsani et al., 2010; Piggott et al., 2011).  

Previous investigations into the potential for metabolic regulation via AIB revealed that  

NPR-9 is involved in the regulation of lipid metabolism. Loss-of-function(LF) npr-9 organisms 

displayed high lipid stores and exhibited abnormal locomotory patterns (Bendena et al., 2008; 

Campbell et al., 2016). Characterization of the AIB signaling pathway in the context of the 

locomotory circuit has highlighted that glutamatergic signaling from AIB inhibits RIM activity 
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via AVR-14 (Piggott et al., 2011). Provided that receptors localized to RIM and AIB regulate fat 

stores and AIB-derived glutamatergic signaling modulates RIM activity, NPR-9 function within 

AIB likely plays a role in regulating metabolism.  

Loss-of-function mutants for a TGF-β receptor homolog daf-1 display a 2-fold increase in 

fat stores relative to wildtype organisms. The high lipid phenotype of daf-1 mutants can be 

suppressed via RIM-specific daf-1 rescue (Greer et al., 2008). A lipid reduction observed in daf-

1;eat-4 double mutants indicates that glutamatergic signaling from an unknown source acts to 

regulate RIM activity or inhibit the DAF-1 signaling pathway. 

Given the integration hub role for AIB, we investigated serotonin, tachykinin, glutamate, 

and neuropeptide receptors expressed specifically within AIB in the context of starvation, 

metabolism, foraging, and egg laying. Through our characterizations, we identify that diverse 

AIB receptors can modulate fat and feeding behaviours. Moreover, we highlight that AIB-

specific knock-down of glutamate release influences daf-1 fat, feeding, and egg-laying 

phenotypes.  Via L1 characterizations we also determine that abnormal fat phenotypes are 

exhibited at early larval stages. Although AIB glutamatergic output regulates fat and feeding via 

diverse AIB receptor regulation, distinct mechanisms influence egg-laying regulation. These 

results indicate a complex system of AIB regulation that can influence diverse physiological and 

behavioural phenotypes. 

4.3 MATERIALS AND METHODS 

4.3.1 C. elegans culture 

C. elegans were maintained at 20°C on NGM agar plates seeded with OP50 E. coli according to 

standard protocols. 

4.3.2 Nematode strains 
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The following strains were used: wild-type strain N2, IC683 npr-9(tm1652), DR40 daf-1(m40), 

MT9668 mod-1(ok103), and CX12709 avr-14(ad1302). 

4.3.3 Bacteria strain 

The ampicillin resistant Escherichia coli OP50-GFP strain was obtained from the 

Caenorhabditis Genetics Center (CGC).  

4.3.4 npr-9(OE) PCR production 

IC836 quIS20 [npr-9::npr-9; sur-5::gfp; odr-1::rfp] could not be used within this study due to 

the presence of the sur-5::GFP co-injection marker which interfered with FITC fluorescent lipid 

and bacterial measurements. Therefore, the npr-9 gene and promoter region were PCR amplified 

from genomic DNA. For npr-9(OE), 50 ng of PCR product was injected with 25 ng of co-

injection marker myo-2::RFP.   

4.3.5 Transgenic strains 

Germline transformations were performed according to standard protocol. For eat-4 KD and tkr-

2 KD, 25 ng of myo-2::RFP plasmid was used as the co-injection marker with 50 ng of the KD 

plasmid. For mod-1 KD, 50 ng of grd-10::mcherry was used as the co-injection marker with 50 

ng of the KD plasmid. 

4.3.6 Plasmid construction 

AIB KD constructs. Andrew Fire vector pPD96.41 (empty backbone plasmid) was digested with 

HindIII and SmaI. The 2,002 bp npr-9 promoter was PCR amplified from WT genomic DNA. 

The promoter was then cloned into the vector in the forward orientation with HindIII and SmaI. 

The npr-9 promoter was also cloned in the reverse orientation using BglII and XhoI to generate a 

plasmid with a forward and reverse orientation npr-9 promoter. A 371 base pair segment of the 

glr-1 coding region was PCR amplified from the cDNA library and cloned into the vector with 
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NheI and KpnI digestion sites. The glr-1 cDNA insert was cloned between the forward and 

reverse orientation promoters in order to produce double stranded RNA of glr-1 wherever npr-9 

is expressed (i.e. AIB). Digestion enzymes NheI and KpnI were also used to generate mod-1 KD 

(298 bp insert), tkr-2 KD (334 bp insert), and eat-4 KD (338 bp insert) constructs. 

4.3.7 Lipid quantification 

Nematode lipid levels were evaluated with a previously developed fixative Nile red technique 

(Pino et al., 2013; Webster et al., 2017). We utilized a higher concentration of Nile red (5.0 

mg/ml v. 0.5 mg/ml) in order to overcome photobleaching issues. This adaptation allowed us to 

measure individual nematodes on slides. L1 and adult lipid profiles were generated with the 

same technique. 

4.3.8 Fluorescent quantification 

Fluorescent quantification was determined based on a previously utilized protocol (Burgess et 

al., 2010; Gavet and Pines, 2010). Image analysis software ImageJ (now known as FIJI) was 

used to quantify fluorescence for lipid measurements and bacterial fluorescence. Area integrated 

intensity, mean grey value, and area were measured for each photo. Fluorescent levels were 

determined according to the following formula: fluorescent value = integrated density – (area of 

selected nematode/bacterial patch * mean fluorescence of background readings). Three separate 

background readings were obtained for the analysis of each image. 

4.3.9 Bacterial consumption assay 

We modified a previously developed E. coli OP50-GFP bacterial consumption assay to measure 

nematode feeding behaviour (Gloria-Soria et al., 2008). L4 hermaphrodites were picked 16-24 

hour prior to the start of the assay to ensure that similar staged young adults were used. All 

assays were performed at 20–25°C.  E. coli OP50-GFP was seeded onto standard NGM plates 48 
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hours prior to assay start time. Provided that E. coli lawn growth rates are dependent on 

temperature and humidity, we measured bacterial fluorescent intensity of potential assay plates 

immediately prior to assay start time. We then calculated the intensity values to ensure that 

bacterial density was consistent amongst same-day assay plates and assays performed on 

separate days. For standard bacterial consumption assays, we transferred at least 30 young adult 

nematodes to an intermediate plate then performed at least 3 washes with M9 to prevent external 

bacteria transfer. Nematodes were then transferred to a secondary intermediate plate via M9. 

Excess M9 was removed manually via Kim Wipe. Once nematodes commenced crawling (rather 

than thrashing) locomotory behaviour, halocarbon oil was used to transfer nematodes to assay 

plates. Precisely 30 organisms were transferred to each assay plate.  Fluorescent images were 

obtained with a Samsung S5 camera with a microscope eyepiece adaptor. For assays evaluated 

after starvation conditions, experimental organisms were maintained on the second intermediate 

plate for a 4-hour period without food. After 4 hours of starvation, organisms were similarly 

transferred to assay plates. Bacterial fluorescent measurements were obtained before the assay 

(i.e. before nematode transfer to assay plate) (time point 0) and at the 12-hour mark for standard 

foraging. In contrast, images were captured every four hours after the start of an assay for starved 

organisms.  

4.3.10 Egg laying assay 

L4-staged organisms were picked to assay plates covered with an E. coli OP50 lawn. Egg-laying 

counts were done daily with each count done three times. Nematodes were transferred to a fresh 

assay plate. This procedure was repeated for a 3-day period. At least ten organisms were 

measured, in three separate assays for each strain. 

4.4 RESULTS 
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4.4.1 NPR-9 regulates fat stores 

The first layer interneurons (AIA, AIB, AIY, AIZ) have been broadly implicated in the 

integration of sensory-evoked signals that modulate command interneurons to regulate 

locomotory patterns (Chalasani et al., 2007; Summers et al., 2015; Gray et al., 2005). However, 

these interneurons have also been implicated in non-locomotory phenotypes such as memory 

storage, lifespan regulation, and heat shock resistance (Luo et al., 2014; Shen et al., 2010; Kang 

and Avery, 2009). Environmental conditions (e.g. diet, temperature, and starvation) can 

influence nematode fat stores suggesting that the interneuronal circuitry is recruited to fine-tune 

metabolic pathways (Brooks et al., 2009; Liu et al., 2017; Webster et al., 2017). 

AIB cellular signaling pathways can be abnormally regulated by excessive or impaired 

NPR-9 signaling; npr-9(LF) mutants exhibit an increased reversal frequency while 

overexpression(OE) of npr-9 produces a reduction in reversals (Bendena et al., 2008; Campbell 

et al., 2016). The npr-9(LF) mutants also exhibit a high-fat phenotype and we have shown that 

npr-9(LF) mutants exhibit a 40% increase in fat stores, while npr-9(overexpression)(OE) 

organisms exhibit a 20% reduction (Figure 4.1).  

4.4.2 A tachykinin GPCR also functions in AIB to modulate fat stores 

An RNAi screen coupled with lipid characterizations identified a number of novel genes 

that regulate lipid stores. Notably, a tachykinin receptor mutant, i.e. tkr-1, displayed a low-lipid 

phenotype, suggesting a role in promoting lipid storage (Ashrafi et al., 2003). Moreover, an 

intestinal-localized tachykinin receptor, NPR-22, promotes fat loss in response to fluctuating 5-

HT levels (Palamiuc et al., 2017).  Recent investigation into tkr-2 expression  
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Figure 4.1. Lipid stores and the relationship of GPCRs TKR-2 and NPR-9 in AIB. Nile red 

fluorescent intensity was used to measure wildtype (N2), npr-9(OE), tkr-2 KD, npr-9(LF), and 

npr-9(LF);tkr-2 KD organisms. Data are presented as mean +/- standard error (SE) with at least 

10 animals assayed in three independent experiments analyzed via unpaired two-tailed t test with 

Welsch’s correction. ****, P < .0001 significantly different from wildtype animals under 

identical conditions. Asterisks above error bars indicate a significant difference between the two 

strains. 
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patterns have revealed that the gene is expressed in AIB (Isabel Beets, personal communication). 

Therefore, we evaluated the lipid profile of tkr-2 cell-specifically in interneuron AIB. AIB cell- 

specific knock-down(KD) of tkr-2 led to a 20% reduction in fat stores, a phenotype similar to 

npr-9(OE) (Fig 4.1).  

Antagonistic G-protein subunit signaling pathways, initiated by 5-HT and OA receptor 

binding, have been shown to modulate ASH neuropeptide release (Harris et al., 2010). In 

contrast, complimentary G-protein subunit signaling cascades are each required for ASI 

neuropeptide release (Hapiak et al., 2013). Since NPR-9 is a GPCR, it is likely that the G-protein 

subunit signaling cascades downstream of NPR-9 and TKR-2 compliment or antagonize one 

another to regulate AIB peptide/neurotransmitter release.   Knocking-down tkr-2 in an npr-9(LF) 

background reduced fat stores by 55% relative to wildtype organisms (Figure 4.1). Furthermore, 

the 30% reduction in fat relative to tkr-2 KD mutants suggests that compromising multiple G-

protein subunit pathways, even when antagonistic to one another, increasingly perturbs 

metabolism. 

4.4.3 AIB-localized MOD-1 promotes fat gain 

Four 5-HT receptors have been identified in C. elegans: SER-1, SER-4, SER-7, and 

MOD-1 (Olde and McCombie 1997; Hamdan et al., 2001; Hobson et al., 2006; Ranganathan et 

al., 2000). A 5-HT treatment and lipid screen revealed that mod-1 and ser-6 mutants are resistant 

to 5-HT-induced fat reduction (Srinivisan et al., 2008). Moreover, mod-1 mutants exhibit a high-

fat phenotype in the absence of 5-HT treatment in comparison to N2 (Srinivisan et al., 2008). In 

the context of 5-HT induced-fat loss, cell-specific evaluations revealed that mod-1 functions in 

sensory/inter-neuron URX (Noble et al., 2013). URX is a body cavity neuron in which the cell 

bodies and ciliated dendrites are located within the coelomic fluid (White et al., 1986).  
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It is likely that the regulatory circuit is more complex than has been currently modeled. 

Interneuron AIB was not included in MOD-1 fat investigations despite known roles for MOD-1 

in AIB in the context of behaviour (Srinivisan et al., 2008; Harris et al., 2009). Our high-fat 

characterization of mod-1 null mutants agrees with previous reports (Figure 4.2) (Srinivisan et 

al., 2008). However, AIB-specific KD of mod-1 produced a 20% reduction in fat stores (Figure 

4.2). Moreover, mod-1 KD in an npr-9(LF) background results in a 35% reduction in fat stores 

relative to wildtype organisms (Figure 4.2). Although a low-fat phenotype of mod-1 KD was 

unexpected, it has been shown that similar class neurons (e.g. first-layer interneurons – AIA, 

AIB, AIY, AIZ) can function antagonistic to one another (Luo et al., 2014; Kang and Avery, 

2009; Chalsani et al., 2007). Therefore, complete loss of mod-1 throughout the nervous system 

produces a high fat phenotype, while MOD-1 promotes fat gain via URX and fat loss via AIB. 

4.4.4 The AIB-RIM locomotory circuit also regulates metabolism 

Glutamatergic signaling from AIB has been shown to modulate RIM activity in the 

regulation of locomotion. Specifically, AIB-derived glutamate inhibits RIM activity to increase 

the likelihood of a reversal event (Piggott et al., 2011). As npr-9(LF) mutants exhibit an 

increased reversal frequency, NPR-9 may inhibit glutamate release from AIB (Campbell et al., 

2016). We therefore evaluated eat-4 KD mutants for lipid phenotypes and found a low-fat 

phenotype similar to npr-9(OE) (Figure 4.3). Characterization of eat-4 KD in an npr-9(LF) 

background produced a low-fat phenotype similar to the eat-4 KD organisms (Figure 4.3). 
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Figure 4.2. Lipid stores are also regulated by MOD-1 in AIB. Nile red fluorescent intensity 

measurements of wildtype (N2), mod-1, mod-1 KD, npr-9(LF), and npr-9(LF);mod-1 KD 

organisms. Data are presented as mean +/- standard error (SE) with at least 10 animals assayed in 

three independent experiments analyzed via unpaired two-tailed t test with Welsch’s correction. 

****, P < .0001 significantly different from wildtype animals under identical conditions. 

Asterisks above error bars indicate a significant difference between the two strains. 
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Figure 4.3. Lipid stores are regulated by glutamate release from AIB. Nile red fluorescent 

intensity measurements of wildtype (N2), eat-4 KD, npr-9(LF), and npr-9(LF);eat-4 KD 

organisms. Data are presented as mean +/- standard error (SE) with at least 10 animals assayed in 

three independent experiments analyzed via unpaired two-tailed t test with Welsch’s correction. 

****, P < .0001 significantly different from wildtype animals under identical conditions. 

Asterisks above error bars indicate a significant difference between the two strains. 
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In C. elegans, high population density or a lack of available food promotes an alternative 

development state in which the organisms transition from the first larval stage to a dauer stage. 

Dauers exhibit altered metabolic profiles and gene expression changes that promote fat 

catabolism, rather than anabolism (O’Riordan and Burnell, 1990; Wadsworth and Riddle, 1989; 

Wang and Kim, 2003). Analyses of DAF-7/DAF-1 signaling pathways identified that DAF-7 is 

secreted from sensory neuron ASI and binds to DAF-1 localized to inter/motor neurons RIM and 

RIC. Moreover, the high-fat phenotype of daf-1 mutants is reduced in an eat-4 background, 

indicating that glutamate antagonizes DAF-1 signaling pathways (Greer et al., 2008). Given that 

DAF-1 likely functions in RIM, glutamate antagonizes DAF-1 signaling pathways, and AIB-

derived glutamate has been found to regulate RIM, we investigated the AIB-RIM locomotory 

circuit in a lipid context. In agreement with published literature, the daf-1 mutants exhibit a ~ 

200% increase in fat relative to N2 (Figure 4.4) (Greer et al., 2008). Evaluation of eat-4 KD in a 

daf-1 mutant background reduced the daf-1 lipid content by 70%, near wild-type levels (Figure 

4.4).  

 In the locomotory circuit, glutamate from AIB inhibits RIM via glutamate receptor AVR-

14 (Piggott et al., 2011). We therefore evaluated the lipid content of avr-14 mutants and 

identified a low-fat phenotype similar to npr-9(OE) and eat-4 KD organisms (Figure 4.4). 

Previous analyses screened a number of ionotropic and metabotropic glutamate receptors, but did 

not include avr-14 mutants within their study (Greer et al., 2008).  

4.4.5 Abnormal lipid phenotypes can begin at early larval stages 

The fixative-based Nile red stain technique allows for quantification of differing larval 

stages and has been used to reveal that lipid stores increase in bursts across larval stages, rather  
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Figure 4.4. AIB glutamate release antagonizes the daf-1 high fat phenotype. Nile red 

fluorescent intensity measurements of wildtype (N2), eat-4 KD, daf-1, daf-1;eat-4 KD, and avr-

14 organisms. Data are presented as mean +/- standard error (SE) with at least 10 animals 

assayed in three independent experiments analyzed via unpaired two-tailed t test with Welsch’s 

correction. ****, P < .0001 significantly different from wildtype animals under identical 

conditions. Asterisks above error bars indicate a significant difference between the two strains. 
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than a progressive, linear accumulation of fat content (Pino et al., 2013).  A recently developed 

technique, i.e. quantitative assessment of fat levels using dark field microscopy, has now enabled 

researchers to evaluate lipid stores in live, developing organisms at each larval stage (Fouad et 

al., 2017). In agreement with the Nile red results, dark field microscopy also highlighted that fat 

stores increase in bursts across the larval stages (Pino et al., 2013; Fouad et al., 2017).  

Abnormal-fat mutants at the L1 stage were evaluated for lipid. Nile red staining of 

synchronized N2, npr-9(LF), daf-1, and avr-14 mutants revealed that the daf-1 high-fat 

phenotype and the low-fat avr-14 phenotype could begin at this larval stage. Specifically, daf-1 

and avr-14 L1s displayed a ~25% increase and ~50% decrease in fat stores, respectively. In 

contrast, npr-9(LF) organisms displayed no significant difference in fat stores relative to N2 

organisms (Figure 4.5). Although npr-9 transcripts are present at the L1 stage, npr-9(LF) mutant 

behavioural phenotypes are not displayed by npr-9(LF) L1 organisms (Bendena et al., 2008; 

Levin et al., 2012).  

4.4.6 Manipulations to AIB GPCR signaling dynamics also affect feeding behaviour  

 Prior investigations attempting to characterize feeding behaviour have focused on 

pharyngeal pumping activity (Greer et al., 2008; Srinivisan et al., 2008; Sze et al., 2000). 

Analyses of 5-HT mutants revealed that pharyngeal pumping frequency can be inconsistent, with 

periods of high and low frequency pumping behaviour, which is problematic for pharyngeal 

pumping assays that rely on measurements over short time-scales (Hobson et al., 2006). A 

recently developed feeding assay evaluated changes in bacterial density over time, rather than 

pharyngeal behaviour, and identified that pharyngeal pumping does not correlate with bacterial 

consumption rates (Gomez-Amaro et al., 2015). For example, eat-2 and eat-18 mutants display a 

90% reduction in pumping activity relative to wildtype (Raizen et al., 1995). 
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Figure 4.5. L1 organisms can display abnormal fat levels. Nile red fluorescent intensity 

measurements of wildtype (N2), daf-1, npr-9(LF), and avr-14 L1 organisms. Data are presented 

as mean +/- standard error (SE) with at least 10 animals assayed in three independent 

experiments analyzed via unpaired two-tailed t test with Welsch’s correction. ****, P < .0001 

significantly different from wildtype animals under identical conditions. NS = non-significant. 

Asterisks above error bars indicate a significant difference between the two strains. 
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However, measurements of bacterial consumption revealed that eat-2 mutants consume only 

20% less, while eat-18 mutants consume 40% less than wildtype (Gomez-Amaro et al., 2015). In 

contrast, ser-7 mutants exhibit a 15% reduction in pumping, yet consume nearly 50% less 

bacteria (Srinivisan et al., 2008; Gomez-Amaro et al., 2015).  

 E. coli OP50 expressing GFP was used to determine bacterial consumption rates (Gloria-

Soria and Azevedo, 2008). Over a 12-hour period, wildtype organisms clear 40% of the bacterial 

lawn (Figure 4.6). The high-fat npr-9(LF) organisms only cleared 7% of the bacterial lawn while 

low-fat npr-9(OE) nematodes exhibited such low eating rates that the bacterial lawn grew faster 

than they could eat which led to an increase in bacterial fluorescence (Figure 4.6).  

4.4.7 AIB serotonin and feeding 

 tph-1 mutants display reduced pharyngeal pumping rates on food (Sze et al., 2000; 

Waggoner et al., 1998).  These behavioural patterns are reminiscent of starved organisms further 

indicating that serotonin serves as an indicator of food that subsequently reconfigures neural 

circuits (Avery and Horvitz, 1990). Without food, tph-1 mutants exhibit similar pumping rates 

relative to wildtype organisms, highlighting that 5-HT is required for pharyngeal pumping 

upregulation but is unnecessary for basal activity (Sze et al., 2000). Application of exogenous 5-

HT increases feeding rate and is mediated via serotonin GPCRs SER-1 and SER-7 (Hobson et 

al., 2006; Xiao et al., 2006). Therefore, distinct receptors mediate the 5-HT regulation of 

metabolism and pharyngeal pumping. 

 We evaluated the ability of mod-1 KD mutants to clear a bacterial lawn and did not note a 

statistical difference relative to wildtype nematodes (Figure 4.6). The mod-1 KD mutants exhibit  
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Figure 4.6. AIB receptors and glutamate release influence feeding rates. OP50-GFP bacterial 

fluorescent intensity measurements of wildtype (N2), mod-1 KD, tkr-2 KD, npr-9(LF), npr-

9(OE), and eat-4 KD L1 organisms. Data are presented as mean +/- standard error (SE) with at 

least 30 animals assayed in three independent experiments analyzed via unpaired two-tailed t test 

with Welsch’s correction. *, P < .05 significantly different from wildtype animals under identical 

conditions. NS = non-significant. Asterisks above error bars indicate a significant difference 

between the two strains. 
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consumption patterns similar to tkr-2 KD mutants, which eat significantly less than wildtype 

(Figure 4.6). However, mod-1 KD mutants exhibit a higher level of variability; a trend that has 

also been noted for tph-1 mutant organisms in both pharyngeal pumping and bacterial 

consumption assays (Figure 6) (Hobson et al., 2006; Gomez-Amaro et al., 2015).  

4.4.8 Glutamate from AIB regulates feeding rates 

Dauer organisms also exhibit a reduction in pharyngeal pumping behaviour (Cassada and 

Russell, 1975). Therefore, mutants with abnormal dauer phenotypes have also been interrogated 

for a role in the regulation of pharyngeal pumping. Pharyngeal pumping evaluations have 

identified that daf-1/daf-7 mutants exhibit a 25% reduction in pumping frequency despite high-

fat phenotypes (Greer et al., 2008). In daf-1 mutants, expression of daf-1 in RIM/RIC restores 

wildtype feeding levels (Greer et al., 2008). Generally, high fat mutants display reduced 

pharyngeal pumping and low fat mutants display increased pharyngeal pumping; however, the 

reduced fat and feeding rate of daf-3 mutants highlights that this inverse relationship can be 

perturbed (Greer et al., 2008). 

Analyses of glutamatergic signaling determined that the daf-1/daf-7 high-fat phenotype 

was reduced in the absence of vesicular glutamate release (i.e. eat-4 mutant background) without 

significantly affecting feeding behaviour patterns (Greer et al., 2008). Our analysis of bacterial 

clearance rates showed that eat-4 KD mutants ate significantly less than wildtype organisms 

(Figure 4.7). Provided that glutamate from AIB inhibits RIM activity to promote reversals, eat-4 

AIB RNAi produces a hyper-roaming phenotype (Piggott et al., 2011). Therefore, these 

organisms are more likely to roam off the food leading to reduced bacterial consumption.  

Evaluation of daf-1 mutants with the bacterial clearance assay revealed a mild yet non-

significant reduction in feeding patterns (Figure 4.7). Direct evaluation of feeding highlights that  
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Figure 4.7. AIB glutamate release influences daf-1 feeding rates. OP50-GFP bacterial 

fluorescent intensity measurements of wildtype (N2), daf-1, daf-1;eat-4 KD, and eat-4 KD 

organisms. Data are presented as mean +/- standard error (SE) with at least 30 animals assayed in 

three independent experiments analyzed via unpaired two-tailed t test with Welsch’s correction. 

*, P < .05 significantly different from wildtype animals under identical conditions. NS = non-

significant. Asterisks above error bars indicate a significant difference between the two strains. 
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the low-pumping phenotype of daf-1 mutants does not correlate with actual food consumption 

patterns. Analysis of eat-4 KD in a daf-1 mutant background significantly reduced bacterial 

consumption indicating that glutamate ultimately promotes an increase in feeding behaviour 

(Figure 4.7).  

4.4.9 NPR-9 is not essential for starvation-evoked feeding modulation  

Interneurons AIB and AIY play antagonistic roles in the regulation of starvation-induced 

pharyngeal autophagy. MGL-2 functions in AIB to promote the starvation response, i.e. 

increased pharyngeal autophagy, while MGL-1 functions in AIY to inhibit the starvation 

response (Kang and Avery, 2009). Although the downstream signaling components of MGL-1 

and MGL-2 remain unknown, AMPK functions in interneuron AIB and AIY to regulate 

exploratory behaviour in starved organisms (Ahmadi and Roy, 2016). Given the role of NPR-9 in 

the modulation of AIB activity, we evaluated bacterial consumption rates of npr-9(LF) and npr-

9(OE) organisms after 4 hours of starvation (Campbell et al., 2016). The npr-9(LF) nematodes 

do not exhibit a significant difference after 12 hours of feeding relative to N2, however their 

feeding profile differs at the 8-hour mark (Figure 4.8). In contrast, npr-9(OE) organisms exhibit 

a significant reduction in feeding behaviour relative to wildtype over the 12-hour consumption 

assay. 

4.4.10 AIB-localized MOD-1 and TKR-2 do not modulate feeding after starvation 

Nematodes exhibit higher levels of 5-HT production in the presence of a food source, 

which reconfigures neural circuits to ensure appropriate food-dependent behavioural strategies 

are utilized (Sze et al., 2000). TA and OA antagonize diverse serotonergic signaling processes 

and subsequent food-dependent behavioural modifications. In the context of metabolism,  
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Figure 4.8. NPR-9 and AVR-14 influence post-starvation feeding rates over 12 hours. (A) 

After 4 hours of starvation, OP50-GFP bacterial fluorescent intensity measurements at 0, 4, 8, 

and 12 hours on food of wildtype (N2), npr-9(LF), and npr-9(OE) organisms. (B) After 4 hours 

of starvation, OP50-GFP bacterial fluorescent intensity measurements at 0, 4, 8, and 12 hours on 

food of wildtype (N2), mod-1 KD, and tkr-2 KD organisms. (C) After 4 hours of starvation, 

OP50-GFP bacterial fluorescent intensity measurements at 0, 4, 8, and 12 hours on food of 

wildtype (N2), daf-1, eat-4 KD, daf-1;eat-4 KD, and avr-14 organisms. Data are presented as 

mean +/- standard error (SE) with at least 30 animals assayed in three independent experiments 

analyzed via two-way RM ANOVA. *, P < .05 significantly different from wildtype animals 

under identical conditions. NS = non-significant. Asterisks positioned to the right of each series’ 

final data point indicate significance.  

 

 

 

 



	 145	

expression of tbh-1, essential for the production of OA, is progressively upregulated during 

starvation conditions (Tao et al., 2016; Mills et al., 2012). In a behavioural context, OA and TA 

antagonize 5-HT to promote off-food locomotory and aversive strategies (Wragg et al., 2007; 

Harris et al., 2011). Exogenous application of OA or TA also modulates pharyngeal pumping 

frequencies and RIM-specific TA production modulates pumping specifically via tyramine 

receptor TYRA-2 (Fu et al., 2018). Therefore, neurons or signaling molecules that perturb 5-HT, 

OA, or TA production/signal integration are likely to play a role in balancing on vs off food 

circuit re-configuration. Provided that RIM produces TA and AIB regulates RIM activity, 

abnormal regulation of the AIB-RIM circuit could lead to misbalanced on vs off food signal 

homeostasis (Piggott et al., 2011). We therefore evaluated alternative receptors in AIB, namely 

tkr-2 and mod-1, to determine the extent of AIB regulation in the context of starvation-induced 

feeding modulation. Although tkr-2 KD and mod-1 KD mutants exhibit distinct feeding profiles 

relative to N2, their consumption rates do not differ after 12 hours of feeding (Figure 4.8). 

4.4.11 The AIB-RIM DAF-1 circuit does not modulate feeding in response to starvation 

 Prior investigations have identified that DAF-1/DAF-7 promotes on-food quiescent 

behaviour, i.e. reduced locomotion and pharyngeal pumping, after extended starvation (You et 

al., 2008; Gallagher et al., 2013). However, prior work focused on a 12-hour fast experience. In 

contrast to investigations focusing on quiescence in the absence of bacterial consumption 

measurements, the daf-1 mutants did not exhibit a significant difference relative to wildtype 

(Figure 4.8). Our analysis also included eat-4 KD and daf-1;eat-4 KD organisms to determine if 

glutamatergic signaling from AIB can affect daf-1 phenotypes similar to the observed metabolic 

corrections. The eat-4 KD and daf-1;eat-4 KD mutants did not differ from wildtype organisms 

and daf-1;eat-4 KD organisms do not differ from daf-1 mutants (Figure 8). However, avr-14 
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nematodes do exhibit a significant difference relative to wildtype organisms (Figure 4.8). 

Evaluations of AIB signaling have identified that avr-14 is expressed in AIB and AVR-14 

inhibits AIB activity (Summers et al., 2015).  RIM localized AVR-14 is activated via 

glutamatergic signaling from AIB, while AIB localized AVR-14 is activated by ASE-derived 

glutamate (Pigott et al., 2011; Summers et al., 2015). Given the dissimilar eating profiles of eat-4 

KD and avr-14 organisms, it is likely that AIB is not the source of glutamatergic signaling acting 

on AVR-14 in the context of starvation-modulated feeding. 

4.4.12 AIB serotonin and tachykinin receptors do not modulate egg-laying 

Egg-laying activity is temporally segregated into active and inactive periods, i.e. egg-

retention and egg-laying (Waggoner et al., 1998; Collins et al., 2016). These periods are 

modulated by external cues, e.g. mechanical stimulation, salt concentration, and food density 

(Horvitz et al., 1982; Trent et al., 1983). Egg laying events are also correlated with an increase in 

locomotory velocity and an inhibition of reversal behaviour (Hardaker et al., 2001). Therefore, 

the locomotory and egg-laying circuitry overlap or signaling molecules coordinate the two 

behavioural paradigms. Provided that interfering with serotonin signaling perturbs locomotory 

activity and affects the timing of the active phase of egg-laying events, it is possible that 

serotonin coordinates the two circuits.  Although MOD-1 is involved in the inhibition of egg-

laying, mod-1 mutants do not display basal egg-laying defects until alternative serotonin receptor 

signaling is also perturbed (Hapiak et al., 2009; Carnell et al., 2005).  We interrogated the role of 

MOD-1 in AIB to determine if AIB specific integration of serotonergic signaling modulates both 

fat and egg laying phenotypes. The mod-1 KD organisms did not exhibit any difference in egg 

laying (Figure 9). 
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Figure 4.9. AIB-derived glutamate functions in parallel to DAF-1 to influence egg laying 

rates. Eggs laid over a three day period of wildtype (N2), mod-1 KD, npr-9(LF), tkr-2 KD, eat-4 

KD, daf-1, and daf-1;eat-4 KD. Data are presented as mean +/- standard error (SE) with at least 

10 animals assayed in three independent experiments analyzed via unpaired two-tailed t test with 

Welsch’s correction. *, P < .05, ****, P < .0001, significantly different from wildtype animals 

under identical conditions. NS = non-significant. Asterisks above error bars indicate a significant 

difference between the two strains. 
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In the analysis of 5-HT induced fat-loss, mutants for a gene that resembles peptides of the 

tachykinin family, i.e. flp-7, display a basally reduced egg-laying frequency and are resistant to 

5-HT induced fat loss. Although 5-HT typically stimulates egg-laying, flp-7 mutants do not 

display egg-laying abnormalities after 5-HT treatment (Palamiuc et al., 2017). Therefore, the 5-

HT regulation of egg-laying and fat-loss are not linked by FLP-7. Despite the role of a 

tachykinin-like peptide involved in the regulation of basal egg-laying, tkr-2 KD mutants did not 

exhibit an egg-laying abnormality (Figure 9).  

4.4.13 NPR-9 does not play a role in egg-laying regulation 

 Neurosecretory uv1 cells, positioned between the uterus and vulva, are capable of 

modulating egg-laying frequency (Collins et al., 2016). These uv1 cells detect the passage of 

eggs through the vulva via mechanical sensation and subsequently release tyramine to inhibit 

HSN activity and future egg-laying events (Collins et al., 2016). Therefore, communication 

between the vulval cells and the nervous system is essential for modulating egg-laying activity 

based on past events and environmental cues. 

 Provided that NPR-9 is involved in the integration of numerous sensory mediated 

behaviours and likely regulates AIB glutamatergic release to modulate RIM activity and 

subsequent TA release, we interrogated the role of NPR-9 in the context of egg-laying. Despite a 

role in metabolism, feeding, and locomotion, npr-9(LF) mutants do not exhibit egg-laying 

abnormalities (Figure 9). We were unable to evaluate npr-9(OE) organisms given their 

propensity for leaving assay plates over extended periods of time. 

4.4.14 AIB-derived glutamate regulates egg-laying 

 Egg laying defects have been previously observed in daf-1 mutants (Schafer, 2006). 

Expression of daf-1 in both RIM and RIC is sufficient to restore near-wildtype levels of fat, 
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feeding, and egg-laying. However, exclusive expression of daf-1 in RIC partly rescued feeding 

and fat abnormalities with no effect on egg-laying rates. This suggests that DAF-1 uniquely 

regulates egg-laying rate in RIM, while feeding and fat levels are likely regulated by both RIM 

and RIC (Greer et al., 2008). Provided that TA is largely produced in RIM, it is likely that TA 

has a unique role that works in concert with RIC to regulate fat and feeding, while exclusively 

regulating the egg-laying circuit. 

In our analysis of egg-laying, we re-identified the low egg-laying phenotype of daf-1 

mutants and also identified that eat-4 KD mutants exhibit reduced egg laying rates similar to daf-

1 organisms (Figure 9). The daf-1;eat-4 KD organisms exhibited a more pronounced egg-laying 

defect than either single mutant suggesting that glutamate and DAF-1 function in parallel 

pathways. 

4.5 DISCUSSION 

4.5.1 AIB lipid influence 

 Our progressive delineation of individual lipid-regulatory circuits has allowed for 

investigations focusing on how external cues can re-configure circuits to modify lipid stores in 

response to novel environmental conditions. Currently, three sensory modalities have been found 

to influence lipid levels: oxygen, pheromones, and food availability (Hussey et al., 2017; 

Witham et al., 2016; Srinivisan et al., 2008). It is likely that alternative lipid-influencing 

environmental factors are awaiting identification. 

 We have highlighted that diverse receptors (TKR-2, MOD-1, NPR-9) in integration hub 

AIB can influence fat stores, likely through regulation of glutamate release from the interneuron. 

Provided that a number of AIB receptors have been shown to integrate signals in response to 

changes in salt, octanol, isoamyl alcohol, and the presence of food, it is likely that multiple AIB 
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receptors are coordinated to dictate AIB-glutamate release dependent on diverse environmental 

cues (Chalasani et al., 2007; Summers et al., 2015; Harris et al., 2009). It has been shown that 

minor misregulation of AIB signaling dynamics can have unique effects on fine-tuning 

behaviour (Summers et al., 2015). Low levels of AIB inhibition impede the initiation of a 

reversal and forward movement after an octanol-evoked reversal. However, high levels of 

inhibition provoke a faster reversal yet encourages forward movement after reversal termination. 

Therefore, distinct AIB signaling dynamics can regulate separate behavioural modalities. 

Provided that MOD-1 is an inhibitory ionotropic receptor, mod-1 KD organisms would exhibit a 

lack of AIB inhibition. Therefore, the mod-1 KD mutants may exhibit a fat reduction due 

prolonged periods of misbalanced AIB signaling dynamics resulting in a reduction in glutamate 

release. In agreement with this, npr-9(LF);mod-1KD organisms exhibit a more severe lipid 

phenotype than either single mutant suggesting that MOD-1 and NPR-9 have distinct roles in 

AIB. Glutamate release is likely the terminal output that is regulated by each AIB receptor, 

however AIB also exhibits gap junctions with diverse neuron types (White et al., 1986). The 

functional role of interneuronal gap junction pathways have not been characterized but could 

allow AIB fine-tuning signaling dynamics to be propagated to connected neurons via electrical 

signaling.  

4.5.2 Feeding regulation via AIB 

 Outside of a lab environment, nematodes inhabit heterogeneous environments in which a 

food source is not readily available at all times. To optimally forage, organisms must utilize 

distinct locomotory modalities to assess their current environment in order to dictate long-term 

food partitioning strategies. Therefore, mutants that exhibit abnormal locomotory patterns and 

normal pharyngeal pumping rates may exhibit significant alterations in calories consumed. Given 
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that npr-9(OE) mutants exhibit an inability to modulate locomotory patterns in response to food 

cues, they frequently roam off food patches, and as a consequence eat minimal food (Bendena et 

al., 2008; Campbell et al., 2016). In contrast, npr-9(LF) organisms likely exhibit a similar 

reduction in feeding behaviour due to increased reversal frequency, which interferes with 

pharyngeal pumping and food consumption (Bendena et al., 2008; Campbell et al., 2016). 

 In contrast to previous pharyngeal pumping evaluations, a lack of AIB-derived glutamate 

restores near wildtype fat levels while provoking less feeding behaviour (Greer et al., 2008). 

Thus, the fat loss could simply be due to a coupled reduction in feeding behaviour or due to 

altered metabolic regulation. However, npr-9(LF) mutants display a high fat phenotype and eat 

less, suggesting the relationship between fat and feeding is not as correlated as in mammalian 

systems.  Provided that AIB modulates diverse locomotory phenotypes and that distinct AIB 

receptors fine-tune movement patterns, it is likely that the altered feeding rates are due to 

misregulated locomotion on vs off food (Summers et al., 2015). 

4.5.3 Starvation circumvents AIB regulation 

C. elegans exhibits quiescent behaviour after extended periods of starvation and 

reintroduction to food produces a reduction in locomotion and pharyngeal pumping (Fujiwara et 

al., 2002). Upon immediate reintroduction to food after fasting, organisms exhibit a stark 

increase in pharyngeal pumping behaviour. An hour of refeeding leads to a general reduction in 

pumping rates with 50% of wildtype worms exhibiting quiescence which then increases to 90% 

after 3 hours. This trend progressively declines after 6 hours (You et al., 2008; Gallagher et al., 

2013). Therefore, feeding behaviour is progressively modulated after fasting experience. As npr-

9(OE) organisms do not modulate their locomotory strategies in response to diverse 
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environmental cues, including starvation, it is likely that the feeding defect is due to a continued 

inability to integrate internal cues (i.e. starved versus well-fed) (Campbell et al., 2016).  

Prior investigations have noted that daf-7/daf-1 organisms exhibit increased pumping 

after 12 hours of starvation conditions suggesting higher food-intake. These investigations 

utilized pumping and bacterial fluorescence in the gut as metrics for bacterial consumption and 

therefore differ from direct evaluations of bacterial clearance (You et al., 2008; Gallagher et al., 

2013). Our assay focused on feeding modulation after four hours of starvation and thus 

characterizes a distinct phase of starvation. Indeed, separate phases of starvation are regulated by 

distinct signaling pathways (Dalliere et al., 2016). Given that starvation is temporally segregated 

by distinct signaling pathways, it is likely that alternative interneurons also serve as context-

induced integration hubs. 

4.5.4 Egg laying 

 Although eggs are a major destination for lipids in C. elegans and egg-laying frequency 

is modulated by environmental cues, KD of AIB receptors did not produce any egg-related 

defects (Hobson et al., 2006). Our characterization of total egg-laying counts rather than 

frequencies could suggest that egg-laying frequency may be temporally modulated but 

inappropriate sensory integration does not impede total eggs laid. Given that the egg-laying 

circuit is also modulated by internal cues, i.e. the number of eggs retained, it is likely that high 

egg retention will promote egg-laying despite potential antagonistic external cues (Collins et al., 

2016). Interestingly, glutamatergic output from AIB can modulate egg-laying, yet the evaluated 

AIB receptors do not influence egg-laying rates. This could indicate that alternative receptors can 

independently stimulate glutamate release via AIB. Therefore, loss of an individual receptor 

might not modify egg-laying due to compensatory receptors in AIB. Given the additive 
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phenotype of daf-1;eat-4 KD mutants, it suggests that AIB-derived glutamatergic signaling is not 

exclusively integrated by RIM.   

Previous connectome data suggests that AIB is presynaptic to 14 neurons including first 

layer interneurons, command interneurons, sensory neurons, and motorneurons (White et al., 

1986). Identifying the functional roles of each connection would likely highlight how AIB 

sensory signal integration regulates diverse cell types to enact behavioural and physiological 

modulations. Our results suggest that perturbing AIB signaling dynamics, and therefore sensory-

evoked signal integration, leads to aberrant regulation of diverse physiological processes.   
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Chapter 5 

General Discussion and Future Prospects 

5.1 Introduction 

 Early research in the Caenorhabditis elegans community focused on characterizing easily 

identifiable phenotypes. Sydney Brenner first identified nematodes that displayed a short, 

“dumpy” morphology. This would be the first official classification of a C. elegans mutant 

known as dpy-1(e1) (Brenner, 1974).  Continued mutagenesis screens facilitated isolation of 

diverse mutations allowing for eventual identification of gene function.  Technological 

developments would later enable the characterization of the nematode nervous system, e.g. the 

connectome (White et al., 1986). Patch-clamp and laser ablations methodologies were then 

utilized to identify the function of individual neurons (Lockery and Goodman, 1998; Bargmann 

and Avery, 1995). Such nervous system interrogations have identified genes, neurons, and 

regulatory systems essential to distinct behaviours. The relatively compact nature of the 

nematode nervous system, i.e. one composed of 302 neurons, initially suggested a limited 

capacity to detect or respond to environmental cues (White et al., 1986). Susbequent analyses in 

neuromodulation would reveal that even relatively simplistic circuits can exhibit a high level of 

complexity. 

Due to to ease of analysis, early electrophysiological analyses focused on the crustacean 

stomatogastric ganglion (STG) which controls the motion of the gut and foregut. The 

lobster/crab STG is composed of 30 neurons and is regulated by two subcircuits, i.e. pyloric and 

gastric, that are coordinated yet distinctly regulated (Harris-Warrick and Marder, 1991; Marder 
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and Bucher, 2007). The core synaptic circuitry basally dictates rhythmic patterns; however, 

neuropeptides and biogenic amines act on the basal system to alter neuronal excitability and 

synaptic function (Sigvardt and Mulloney, 1982). Circuit modulation can subtly inhibit the 

activation of receptors, can dramatically reverse synaptic function (from depolarizing to 

hyperpolarizing), and can alter circuit composition (Johnson et al., 2005).  These crustacean 

interrogations of neuromodulation provided the framework for subsequent nematode analyses 

into neuromodulation. 

 Initial characterizations of the nematode connectome revealed a typical neuronal 

hierarchy in which roughly a third of neurons exhibited sensory specializations (sensory 

neurons), another third displayed synaptic connectivity with muscles (motor neurons), and a final 

third exhibited a high level of pre- and post-synaptic connectivity (interneurons) (White et al., 

1986; Varshney et al., 2011). The dense connectivity between and amongst such neuron classes 

has impeded the characterization of individual circuits based on connectome data alone.  

Attempts at computationally modeling individual circuits based exclusively on connectome data 

has routinely failed to recapitulate endogenous signal patterns (Varshney et al., 2011; Majewska 

and Yuste, 2001; Milo et al., 2002). 

5.2 Locomotory circuit analysis 

 Many C. elegans behaviours are mediated by locomotion. Therefore, understanding the 

basic components of the locomotory circuit has been viewed as essential for mapping circuits 

underlying behavioural modalities. Laser ablation work has identified that command 

interneurons AVA, AVD, and AVE (via activation A-type motor neurons) promote backwards 

movement while AVB and PVC (via activation of B-type motor neurons) promote forward 

movement (Chalfie et al., 1985; Gray et al., 2005; Piggott et al., 2011). Ablation screens coupled 
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with environmental stimuli have also revealed distinct roles for each sensory neuron in the 

detection of mechanical, chemical, and thermal cues (Chao et al., 2004; Piggott et al., 2011; Mori 

and Ohshima, 1995). Initially, these ablation studies suggested discrete, straightforward 

functions attributed to specific neurons. In theory, sensory neurons could detect environmental 

stimuli then modulate locomotory patterns via command interneuron activity regulation. Indeed, 

sensory neurons outputs can directly act on command interneurons without intermediate 

contributions (White et al., 1986). However, investigations into the first-layer interneurons 

revealed an added layer of complexity (Gray et al., 2005). The original goal of this thesis was to 

determine how upregulation of npr-9 could abolish the prevalence of nearly all reversal events 

despite limited expression outside of the command interneuron circuitry. Initially, npr-9(LF) 

mutants were believed to exhibit a food-dependent modulation of locomotion (Bendena et al., 

2008). Therefore, our investigation also encompassed characterizing how external cues could 

uniquely regulate locomotory phenotypes. 

Expression of a gain-of-function stimulatory glutamate receptor within the first-layer 

interneurons can starkly alter reversal frequencies, suggesting that these interneurons are not 

simply passive intermediaries (Zheng et al., 1999). In contrast to the hyper-reversal glr-1(GF) 

mutants, npr-9(OE) organisms exhibit an absence of reversals despite function limited to a single 

first-layer interneuron.  GLR-1 function in AIB alone appears nonessential for reversal 

regulation, despite a broadly required role amongst other interneurons (Piggott et al., 2011; 

Campbell et al., 2016). This suggests that GLR-1 functions in diverse interneurons to collectively 

influence locomotion, likely with redundant contributions from distinct neurons. However, it is 

possible that GLR-1 is required for AIB fine-tuning given that npr-9(LF);glr-1 KD organisms 

exhibit a low-reversal phenotype similar to npr-9(OE). Therefore, it is likely that the NPR-9 
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ligand and glutamate are co-transmitted, or via synchronized released from multiple neurons, to 

coordinate AIB activity. Monoaminergic/peptidergic cotransmission between sensory and first-

layer interneurons has previously been highlighted in signaling pathways underlying octanol 

odour responses (Harris et al., 2010).  

 The inhibitory role of NPR-9 suggests that it activates subunit Gαo which can function to 

broadly inhibit multiple G-protein subunit pathways and signal release (Harris et al., 2010). The 

lack of reversals exhibited by npr-9(OE) suggests that NPR-9 inhibits glutamate release given 

that glutamate release from AIB inhibits RIM to trigger a reversal (Piggott et al., 2011). This also 

indicates that the high reversal phenotype of npr-9(LF) mutants could be due to reduced 

inhibition of glutamate release which leads to excessive inhibition of RIM. In the context of fat, 

npr-9(LF);eat-4 KD organisms no longer exhibit the npr-9(LF) high-fat phenotype, further 

indicating that NPR-9 likely inhibits glutamate release. It is likely that alternative metabotropic 

receptors and ionotropic receptors collectively influence glutamate release.  

5.3 Food dependent locomotion modulation 

 When organisms are shifted off-food, both reversal frequency and the nature of reversals 

are modified (Gray et al., 2005; Summers et al., 2015). Immediately off food, nematodes exhibit 

an increase in reversals to reorient them to their recent food source. Prolonged periods off food 

promote a continuous reduction in reversals as organisms prioritize long-term strategies 

optimized to identify a new food source. Moreover, organisms exhibit longer reversals off food 

and off-food reversals can be followed by omega turns, i.e. wide-angle turns that reorient an 

organism. AIB-ablated organisms exhibit abnormally low levels of omega turns and long-

reversals off food (Gray et al., 2005). The abnormal regulation of omega turns exhibited by npr-9 

and glr-1 KD mutants highlights that these same receptors influence both reversal frequency and 



	 163	

subtle components of the reversal response, i.e. post-reversal events.  Later research would 

highlight that AIB is an essential modulator of these post-reversal events in the contexts of other 

behavioural responses (Summers et al., 2015). Unlike glr-1 KD organisms, npr-9(LF);glr-1 KD 

mutants exhibit wildtype omega turn frequencies indicating that loss of NPR-9 regulation 

impedes GLR-1 AIB fine-tuning.  

 Although metabotropic and ionotropic receptors collectively modulate neuronal signal 

release, the underlying mechanisms (G-protein v. ion channels) are distinct. Diverse AIB 

ionotropic and metabotropic receptors play functional roles in the regulation of distinct 

behaviours (Harris et al., 2009; Summers et al., 2015; Kang and Avery, 2009; Piggott et al., 

2011). Therefore, interneuron AIB could provide an interesting model neuron for the analysis of 

interactions between context-dependent ionotropic and metabotropic signaling. Previous 

analyses into sensory neuron ASH G-protein subunit pathways have revealed a complex system 

of regulation (Harris et al., 2010). However, the influence of ionotropic signaling on these G-

protein subunit pathways was not evaluated. It is likely that ionotropic signaling functions to 

further fine-tune context-dependent pathways. Calcium imaging techniques have been utilized to 

evaluate ASH neuronal activity, however electrophysiological measurements have indicated that 

calcium signaling does not always correlate with neuronal depolarization and synaptic output 

(Zahratka et al., 2015). Therefore, cell specific analyses are likely necessary to understand how 

subtle regulatory components can influence neuronal signal release.  

5.4 Environmental cues reconfigure the locomotory circuit 

 The presence of food has been found to also reconfigure the sensory neuron circuit in the 

context of aversive odorant, i.e. octanol, responsiveness (Chao et al., 2004). On food, dilute 

octanol is sensed by sensory neuron ASH. Off food, sensory neurons AWB and ADL are also 
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recruited with ASH to mediate octanol detection (Chao et al., 2004). Dependent on sensory 

neuron circuit selection, interneurons are then recruited to integrate sensory evoked cues 

(Chalasani et al., 2007; Leinwand and Chalasani, 2013). Recruiting additional sensory neurons 

adds a layer of complexity to the circuit that allows nematodes to adapt their behavioural 

paradigm according to the relevant environmental conditions in that moment. The reconfigured 

circuitry has been found to modulate subtle aspects of reversal behaviour, similar to the 

modulations in spontaneous reversal behaviour off food. AIB has been uniquely identified as an 

integration hub that is essential for modulating octanol-provoked modifications of reversals, i.e. 

if an organism moves forward after the termination of a reversal (Summers et al., 2015). 

Therefore, the broadly irresponsive phenotype of npr-9(OE) organisms is likely due to excessive 

inhibition of alternative AIB receptors. It is likely that up-regulation of NPR-9 stimulated G-

protein subunit signaling pathways interferes with receptor activation or downstream signaling. 

GLR-1 activity in AIB is dependent on AMPK function, which can be regulated by downstream 

components of the G-protein subunit pathway (Ahmadi and Roy, 2016; Cunningham et al., 

2014). It is likely that diverse AIB receptors rely on finely balanced NPR-9 activity to ensure the 

proper integration of sensory neuron derived signals.  

 The role of AIB localized MGL-2 in the starvation response coupled with data indicating 

that AMPK functions in AIB suggests that starvation cues function through AMPK regulation. 

Given the broad role of AMPK as an intracellular fuel gauge, it is likely that metabotropic 

signaling downstream of MGL-2 influences AMPK activity (Webster et al., 2017). npr-9(OE) 

organisms continue to exhibit abnormal aversive behaviour and are incapable of integrating food 

cues despite starvation conditions. This suggests that NPR-9 signaling antagonizes MGL-2 

metabotropic pathways, further supporting the notion that NPR-9 functions through inhibitory 



	 165	

Gαo. Moreover, the starvation resistant npr-9(OE) organism phenotype also suggests that the 

NPR-9 ligand is present under both well-fed and starvation conditions. Despite repeated efforts 

identifying a peptide or neurotransmitter partner, none of the C. elegans galanin/somatostatin-

like receptors have been deorphanized (Frooninckx et al., 2012). Provided that predicted 

glutamate receptors MGL-2 and MGL-1 are activated by amino acids, these galanin/somatostatin 

receptors could be activated by unique ligands that have not yet been analyzed.  

 Interestingly, npr-9(OE) organisms do exhibit a consistent reversal response in reaction 

to the harsh touch response.  As previously mentioned, this response may be due to the fact that 

command interneuron AVD primarily mediates harsh touch responses and AIB is not 

synaptically or electrically coupled to AVD (White et al., 1986). Based upon this, we have 

hypothesized that the upregulation of npr-9 likely misregulates the command interneuron circuit 

to broadly inhibit reversals.  The lack of AIB connectivity to AVD impedes the propagation of 

such inhibition. Therefore, npr-9(OE) organisms likely exhibit excessive inhibition of AVA and 

AVE without affecting AVD activity patterns. Currently, the regulatory system between the first-

layer interneurons and command interneuron circuits has not been the focus of the research 

community and is ripe for investigation. Early investigations have revealed that RIM can 

function to coordinate the AIB and AVA circuitries by receiving synaptic output from AIB and 

propagating that to AVA (Gordus et al., 2015). Moreover, RIM is pre-synaptic to AIB which 

suggests a feedback loop could ensure that excessive activation/inhibition is not propagated to 

alternative circuits. The AIB-RIM-AVA circuit was interrogated almost exclusively with 

calcium imagining measurements in wildtype organisms, therefore the mechanisms of neuronal 

regulation are not fully understood (Gordus et al., 2015). 

5.5 Modulation of lipid stores 
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 Nematode lipid stores can be similarly modified based upon environmental context. In 

contrast to acute behavioural responses, metabolic modulation is determined primarily by long-

term environmental shifts. Relative to behavioural analysis, our understanding of how external 

and internal cues can reshape metabolism is less understood. Analyses of major signaling 

molecules, i.e. neuropeptides and neurotransmitters, has revealed that 5-HT and OA primarily 

regulate lipid stores while dopamine signaling plays a minor role (Barros et al., 2014; Srinivisan 

et al., 2008; Noble et al., 2013).  Individual signaling molecules, e.g. FLP-7 and DAF-7, have 

also been identified in the regulation of fat stores; however, peptidergic regulation appears to be 

confined to specific circuits (Palamiuc et al., 2017; Greer et al., 2008). In contrast, 5-HT and OA 

appear to broadly modulate diverse signaling pathways (Mills et al., 2012; Chao et al., 2004; 

Hardaker et al., 2001; Alkema et al., 2005). Early investigations into npr-9(LF) mutant 

phenotypes revealed a high-fat phenotype. Therefore, my thesis investigation also encompassed 

analysis of metabolic signaling pathways.  

Behavioural analyses have highlighted that OA and TA collectively antagonize 5-HT 

signaling to mediate on vs off food behavioural patterns (Wragg et al., 2007; Mills et al., 2012). 

Curiously, TA signaling has not been found to modulate fat stores (Greer et al., 2008). OA 

signaling most prominently affects fat storage under starvation conditions; therefore, TA 

signaling may modulate fat storage under specific set of environmental conditions that have not 

yet been identified (Tao et al., 2016). Provided that DAF-1 functions in RIM, a site of TA 

production, and AIB-derived glutamate affecting RIM can modulate fat stores, it is likely that 

TA subtly modulates lipid stores (Greer et al., 2008; Piggott et al., 2011; Alkema et al., 2005). 

Currently, oxygen, pheromones, and the presence of food are external cues that can modulate fat 

stores (Witham et al., 2016; Hussey et al., 2018; Hussey et al., 2017). Each of these factors can 
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be indicative of food quality, quantity, or availability. Therefore, it is likely that signaling 

molecules specifically reflecting food qualities modulate fat stores. 

Provided that diverse AIB receptors modulate fat stores and that AIB primarily functions 

as an integration hub, it is likely that these receptors integrate sensory evoked signals that are 

reflective of subtle changes in food quality or quantity. The fact that over-expression of npr-9 

inhibits the integration of environmental signals and promotes fat breakdown provides further 

evidence that sensory evoked signals can modulate both fat and behaviour via AIB. ASE, ASH 

and AWC have been found to functionally modulate AIB activity (Luo et al., 2014; Pigott et al., 

2011; Summers et al., 2015; Yoshida et al., 2012). ASE responds to salt, ASH responds to nose 

touch, heavy metals and aversive odorants, while AWC responds to aversive odorants and 

thermal changes (Suzuki et al., 2008; Bargmann et al., 1991; Chao et al., 2004; Sambongi et al., 

1999). It is likely that a number of these environmental conditions can affect fat stores via 

modified regulation of the AIB integration hub. 

 Recently, AIB and NPR-9 have been implicated in the nematode immune response. npr-

9(LF) mutants exhibit a resistance to Pseudomonas aeruginosa while npr-9(OE) organisms are 

more susceptible (Yu et al., 2018).  The mechanisms underlying the immune resistance or 

susceptibility were not identified within the study. Although npr-9(LF) and npr-9(OE) organisms 

exhibit fat abnormalities and spontaneous locomotory defects, nematodes locomotion played no 

role in Pseudomonas aeruginosa immune responses. However, it would be interesting to 

investigate if the high-lipid phenotype of npr-9(LF) confers an increased immune response.  

Alternatively, intestine-derived peptides have been found to function in the immune response; 

therefore, the npr-9(LF)/(OE) phenotypes could be due to misregulated integration of such a 

signal (Lee and Mylonakis, 2017).  
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Curiously, diverse AIB receptor KD mutants exhibit fat and feeding abnormalities 

without significant modification to egg-laying rates, yet AIB derived glutamate is able to 

influence egg stores. Generally, this could suggest that lipids are mobilized to eggs regardless of 

basal fat levels which would indicate that adult hermaphrodite health is sacrificed for progeny 

survival. The unique egg-laying defect of eat-4 KD mutants suggests a subtlety to the egg-laying 

pathway that does not appear to be conserved in the regulation of locomotion or lipid 

metabolism. Manipulation of AIB receptors may affect multiple signaling molecules emanating 

from AIB, an effect that may not be observed when abolishing glutamate release alone. 

Currently, the relationship between fat storage and fecundity is an underappreciated topic within 

nematode research.  

5.6 Modulation of feeding 

 The majority of nematode “feeding” research has focused on the regulation of the 

pharyngeal nervous system (Avery and You, 2012). Unfortunately, it’s been shown that that 

pumping behaviour is not a direct metric for feeding behaviour. Moreover, pharyngeal pumping 

isn’t correlated with bacterial consumption given stark differences between pumping frequency 

and consumption rates (Gomez-Amaro et al., 2015).  Despite these established observations, 

numerous labs continue to infer “feeding” levels with short-term (10 second) pumping 

evaluations. Human caloric consumption measurements aren’t measured by the number of times 

a subject chews food or brings food to their mouth. Moreover, mammalian feeding behaviour is 

not characterized on a second by second time scale. As such, characterizations of C. elegans 

behaviours needs to focus on a functional relevance rather than ease of analysis. C. elegans 

likely regulates pharyngeal pumping to ensure that the frequency exists with a specific range; 

deviations from that range, high and low, are likely to produce suboptimal feeding motions 
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leading to a reduction in food consumption. However, there are likely specific functions 

associated with high or low pumping frequencies that have not been determined due to the 

subtlety of their influence and the inappropriate pumping frequency analyses.  

Evaluations of pumping behaviour have revealed that environmental conditions can 

reconfigure pumping frequencies. Tyramine, serotonin, and octopamine can influence pumping 

rates based on distinct environmental contexts in acute fashion, similar to behavioural regulation 

(Song and Avery, 2012; Rex et al., 2004; Avery and Horvitz, 1990). However, the next step in 

the field is understanding why pumping rates don’t correlate with feeding. Given this lack of 

correlation, what is the functional relevance of such modulations? How do these manipulations 

to pumping frequency actually affect consumption patterns? What is the function of excessively 

high or low pumping frequencies? Provided that nematodes take up liquid and bacteria with 

individual pumps, an abnormally high or low frequency may ensure that more or less liquid 

and/or bacteria is consumed. Spitting behaviour has been noted in C. elegans; it is therefore 

possible that liquid and bacterial uptake and expulsion are regulated by unique signaling 

pathways (Bhatla et al., 2015). Unfortunately, even spitting behaviour was exclusively evaluated 

with pharyngeal pumping without subsequent evaluations of feeding. Therefore, the functional 

relevance of spitting remains to be determined.  

 Once the functional role of pharyngeal pumping variability is elucidated, we can begin to 

understand the relevance behind pumping modulation. It is likely that external cues, such as 

aversive odorants or hyperosmolarity, can influence pumping in both acute and long-term 

fashion. The broadly abnormal feeding behaviour exhibited by AIB receptor KD mutants 

suggests that sensory integration is essential to proper feeding regulation. Investigations into AIB 
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integrated environmental cues in the context of feeding will likely reveal that pumping frequency 

is progressively fine-tuned dependent on specific external stimuli. 

5.7 Conclusions and future directions 

Understanding the neurons that initiate the release of neuromodulatory signals and those 

that integrate such signals is an essential next step in understanding how behavioural and 

physiological processes can be fine-tuned. Provided that internal cues can also trigger the release 

of neuromodulators, it is likely that circuits are balanced by both external and internal cues. 

Identification of circuits that balance potentially antagonistic internal vs external cues will likely 

reveal further complexity to regulatory pathways. Moreover, understanding the functional 

relevance of each signaling pathway is essential for properly interrogating such circuits. This 

may be a “relatively simple” nervous system, yet the signaling pathways that regulate and fine-

tune behaviour and physiological responses are incredibly complex. 
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