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Abstract 
The innate immune system is the first line of the host defense against microbial 

infections, but its rapid and uncontrolled activation elicits microbicidal mechanisms that 

have deleterious effects. Increasing evidence indicates that the metazoan nervous 

system, which responds to stimuli originating from both the internal and external 

environment, functions as a modulatory apparatus that controls not only microbial 

killing pathways but also cellular homeostatic mechanisms. Exploiting simple organism 

Caenorhabditis elegans, we performed a whole-animal chemical screen and identified 

antibiotic colistin and dopamine antagonists as immune activators that target conserved 

immune pathways. The goal of this work is to investigate the role of dopamine signaling 

and underlying neuronal circuits in regulating the innate immune response in C. elegans.  

Through genetic and pharmacological studies, we identified a D1-like dopamine 

receptor, DOP-4, which suppresses the conserved PMK-1/p38 immune pathway in C. 

elegans. We also demonstrated that the manipulation of a dopaminergic neural circuit 

can alter the immune response upon pathogen infections. Previous studies have shown 

that an octopamine receptor, OCTR-1, functions in chemosensory neurons to inhibit 

innate immunity. We found that OCTR-1-expressing neurons, ASH, and interneurons, 

AIA, are involved in controlling the resistance to pathogen infections. In contrast, 

another group of OCTR-1-expressing neurons, ASI, were shown to promote pathogen 
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avoidance behavior. This work provides direct evidence that a neuronal network exists 

in C. elegans to orchestrate defenses against pathogen invasion.  
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1. Introduction 

1.1 The model organism Caenorhabditis elegans 

The nematode Caenorhabditis elegans is a free-living, soil-dwelling nematode that 

is 1 mm in length and lives in temperate and organic-rich environments [1, 2]. C. elegans 

feeds on bacteria in natural conditions and possesses a unique microbiota, which 

contains mainly proteobacteria such as Enterobacteriaceae and bacterial species of the 

genera Pseudomonas, Stenotrophomonas, Ochrobactrum, and Sphingomonas [3]. C. elegans is 

maintained in the laboratory by feeding on Escherichia coli strain OP50, which is a uracil 

auxotroph [4, 5]. C. elegans is unsegmented and bilaterally symmetrical with a 

collagenous cuticle, four epidermal cords, and a fluid-filled pseudocoelom. The basic 

anatomy of C. elegans along its body includes mouth, pharynx, intestine, anus, and 

gonad. The body of C. elegans does not have typical respiratory or circulatory systems 

but relies on pseudocoelomic body fluid for nutrient delivery and endocrine signaling 

[6]. 

C. elegans has two sexual forms: one is hermaphrodite, which contains two X 

chromosomes and is self-fertile by producing both oocytes and sperms, and the other is 

male, which contains only one X chromosome and has a specialized spicule for mating 

[7, 8]. The life cycle of C. elegans is approximately 3.5 days, and after hatching, the 

animals develop through four larval stages (L1-L4) into adults, with each stage ending 

with a sleep-like period called lethargus and the molting of the old cuticle [6]. Under 
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starvation or stress conditions, the L2 larvae can enter into an alternative developmental 

stage forming an arrested variant called the dauer larva, which is highly resistant to 

harsh environmental challenges and maintains the ability to quickly recover 

development upon food availability [9]. 

The wild-type C. elegans strain used in laboratory research is the Bristol N2, 

which was isolated from the Bristol culture that Sydney Brenner obtained from 

Ellsworth Dougherty in 1964 [1, 4]. Almost all of the genetic studies with C. elegans have 

been performed on this background, although a number of other wild strains have also 

been isolated from various sites around the world and contribute to our understanding 

of the ecology of C. elegans [10]. The whole-genome sequencing of C. elegans marked the 

first completion of the genomic sequence for a multicellular organism. The genome of C. 

elegans hermaphrodite has five pairs of autosomal chromosomes named linkage group 

(LG) I, II, III, IV, and V and one pair of sex chromosomes (X). Its complete genomic 

sequence is 97 Mb long and harbors about 20,000 genes, > 40% of which encode proteins 

homologous to other organisms [11, 12]. 

1.2 Infection and innate immunity 

Throughout their evolution, multicellular organisms have always been exposed 

to the risk of being invaded and colonized by microbes. To combat the infections caused 

by these microbial pathogens, the immune system has evolved a variety of molecular 

and cellular mechanisms to prevent tissue damage and eliminate the infections [13]. The 
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immune system consists of two typical branches: innate immunity and adaptive 

immunity. The functions of adaptive immunity are mainly achieved by specialized 

lymphocytes called B cells and T cells, which are able to respond to specific antigens, 

proliferate via a clonal selection process, and generate antigen-specific 

antibodies/receptors [14, 15]. After the elimination of pathogens, adaptive immunity 

preserves the ability to mount a faster and stronger response to a previously 

encountered antigen [16]. This immunological memory lays the foundation of modern 

vaccination for infectious diseases. 

The innate immune system is the frontline of defense against pathogen invasions: 

it is composed of physical barriers, antimicrobial substances, the complement system, 

and innate immune cells, such as macrophages, neutrophils, dendritic cells (DC), and 

natural killer cells (NK cells) [17]. In contrast to the specificity and memory of adaptive 

immunity, the innate immune system exhibits rapid immune responses with less 

specificity upon pathogen threats. Infectious agents usually express molecules that 

constitute specific cellular structures and are essential for their survival, proliferation, 

and colonization in the hosts, such as peptidoglycan (PG), lipopolysaccharide (LPS), 

adhesins, and flagellin, all of which are termed the so-called pathogen-associated 

molecular pattern (PAMP) or more accurately microbe-associated molecular pattern 

(MAMP) considering the universality of these molecules in both pathogenic and 

symbiotic microbes [18]. These molecular patterns serve as alerts to the host and are 
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recognized by germline-encoded pattern recognition receptors (PRRs) expressed on the 

surface or in the cytoplasm of innate immune cells. Several categories of PRRs have been 

found, including Toll-like receptors (TLRs) and nucleotide-binding oligomerization 

domain (NOD)-like receptors (NLRs), which are able to recognize diverse and conserved 

MAMPs in different cellular compartments and initiate the downstream signaling 

cascades to induce appropriate immune responses [19, 20].  

The innate immune system also serves as an indispensable initiator of adaptive 

immunity [21]. The PRRs expressed by the antigen presenting cells (APCs) are able to 

mediate the phagocytosis of pathogens and facilitate the loading of antigenic peptide 

fragments to major histocompatibility complex (MHC) class II molecules, which can be 

recognized by T cell receptors (TCR) to promote the proliferation and maturation of T 

cells. In addition, the expression of costimulatory signals on APCs induced by the 

binding of extrinsic molecules to PRRs prevents the differentiation of T cells targeting 

self-antigens, indicating that innate immunity is an important regulator of the adaptive 

immune system [22].  

Due to the pivotal role of innate immunity in mediating host defense against 

pathogens, defects in components of the innate immune system could result in 

immunodeficiency diseases, making the patients susceptible to bacterial or viral 

infections [23]. In addition, the innate immune response is also involved in immune 

tolerance and autoimmune diseases [24, 25]. 
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1.3 Utilizing C. elegans as a model host 

C. elegans was first selected by Sydney Brenner as a model organism to study 

embryonic development and the organization of neuronal structures. The fixed number 

of somatic cells (959) and invariant cell lineage greatly facilitate the genetic study of 

development in C. elegans [26]. For example, by visualizing the cell fate using differential 

interference contrast (DIC) microscopy in living animals, people found that some cells 

undergo programmed cell death (PCD) after cell division [27]. Forward genetic 

screening identifies the core machinery that mediates PCD in C. elegans, paving the way 

of studies on apoptosis in mammalian systems and providing insights into the 

mechanisms of a variety of human diseases [28-30]. Additionally, C. elegans is also 

widely used to study aging, behavior, neurophysiology, metabolism, and immunity, due 

to its genetic tractability, annotated genome, and convenient genetic tools, such as RNA 

interference (RNAi). 

In its natural habitat, C. elegans encounters and feeds on microbes, some of which 

might be pathogenic and cause harmful effects to their survival and reproduction [31]. 

Thus, nematodes have to recognize various microbial species and mount proper 

immune responses to handle the potential pathogen attacks while maintaining immune 

homeostasis to ensure the normal physiological activities [32]. Several natural pathogens 

of C. elegans have been described including Microbacterium nematophilum [33], the fungus 

Drechmeria coniospora [34], the microsporidian parasite Nematocida parisii [35], and the 
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Orsay and Santeuil viruses [36]. These pathogens infect C. elegans through diverse 

mechanisms: tail swelling, or deformed anal region (M. nematophilum), penetration of 

cuticle by proteinaceous hyphae (D. coniospora) and intracellular colonization (N. parisii 

and viruses). 

In the laboratory, by substituting the normal food, E. coli OP50 with pathogenic 

bacteria, researchers have established C. elegans as a model host for identifying novel 

virulence factors and studying the innate immune response [37, 38]. A clinical isolate of 

the human opportunistic pathogen Pseudomonas aeruginosa (strain PA14) has been shown 

to be significantly virulent to C. elegans, killing the animals through either a diffusible 

toxin-mediated “fast killing” mechanism or an infectious process termed “slow killing” 

[39]. Because the body of C. elegans is transparent, people were able to visualize the 

colonization of pathogens in the intestine of infected animals by using green fluorescent 

protein (GFP)-labeled P. aeruginosa. Furthermore, P. aeruginosa strains lacking known 

virulence factors to Arabidopsis and mice were found to be less pathogenic to C. elegans; 

mutations that attenuated the bacterial virulence in C. elegans also reduced the ability to 

cause infections in other model organisms, validating C. elegans as a reliable model host 

for the high-throughput screening of bacterial clones [40, 41].  

Subsequently, other Gram-negative and Gram-positive bacteria were shown to 

infect C. elegans via distinct mechanisms. Salmonella enterica and Enterococcus faecalis are 

able to colonize the intestine and cause persistent infections in C. elegans, whereas 
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Yersinia pestis forms a biofilm around the buccal cavity of C. elegans and kills the animals 

by inhibiting the uptake of food [42-44]. Y. pestis strains lacking genes that are required 

for biofilm formation also cause persistent infection in C. elegans [45]. Fungal pathogens, 

such as Cryptococcus neoformans and Candida albicans accumulate in the gastrointestinal 

tract and kill C. elegans, using conserved virulence factors [46-48].  

Survival analysis is the major methodology of utilizing C. elegans to study 

immune activation, in which various nematode strains are cultured on pathogen lawns 

and the fraction of live animals is monitored at each time point. The level of immune 

response is measured by comparing the survival curves of various strains to that of 

wild-type animals or other appropriate control groups. Pathogen colonization in the 

intestine can be monitored by feeding C. elegans with GFP-labeled microbes and 

quantified by counting colony forming units (CFU) per unit volume. Gene expression 

assays, such as quantitative reverse transcription polymerase chain reaction (qRT-PCR), 

microarray, and RNA sequencing can be applied to compare the expression level of 

immune markers among different C. elegans strains upon pathogen infections.       

1.4 C. elegans defenses against pathogens 

1.4.1 Physical defense 

The collagenous cuticle constitutes the first barrier for C. elegans to avoid 

potential pathogenic or predacious threats [49]. Specifically, the pharyngeal lumen is 

lined with cuticle, forming a whole entity with epidermis [50]. This structure 
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substantially enhances the rigidity of pharynx, especially the terminal bulb of the 

pharynx, to efficiently grind and disrupt bacterial food for digestion in the intestine. 

Some pathogenic bacteria are able to surmount the physical defense of C. elegans and 

proliferate in the intestinal lumen [51]. In order to survive the ubiquitous pathogen 

attacks, nematodes have developed avoidance behavior to reduce the frequency of 

ingesting pathogenic food, as well as inducible immune defenses to eliminate pathogens 

that have already existed within the body [52-54].  

1.4.2 Avoidance behavior 

Nematodes possess the ability to discriminate among bacterial species and avoid 

potential pathogenic bacteria, which is more economical compared with mounting an 

immune response by synthesizing and secreting antimicrobial peptides [55]. The 

avoidance behavior has been observed in several C. elegans survival assays using various 

bacterial species. Serratia marcescens is a species of rod-like Gram-negative bacteria that 

causes hospital-acquired infection (HAI) in humans and is able to develop persistent 

infection in C. elegans. In a reverse-genetic survey of mutants lacking key components of 

the Toll-like receptor pathway, researchers found that a mutant allele of the single Toll-

like receptor in C. elegans, tol-1(nr2033), showed reduced avoidance of S. marcescens 

compared with wild-type animals [56]. Further studies indicate that TOL-1 functions in 

BAG sensory neurons to control avoidance and contribute to CO2 sensing [57]. In 

addition, the fact that tol-1 is expressed in nervous system also implies its role in 
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mediating pathogen avoidance. However, results in our laboratory have shown that 

TOL-1 functions to protect C. elegans from S. enterica infection specifically by inhibiting 

pharyngeal invasion [58]. Recently, TOL-1 was also found to be responsible for the 

elevated tolerance to Salmonella induced by secreted antigen A (SagA) from Enterococcus 

faecium, thus leaving the question, whether TOL-1 might function to mediate both the 

avoidance and immune response to certain bacterial species [59].     

By taking advantage of the avoidance of S. marcescens, Pradel et al. performed a 

forward genetic screen searching for the mutants that are unable to induce the 

avoidance behavior of C. elegans [60]. A mutation in swrA failed to produce serrawettin 

W2 and abrogated the ability to repel C. elegans. They also found that AWB neurons are 

responsible for detecting serrawettin W2 and causing the avoidance of S. marcescens [60]. 

Similarly, the secondary metabolites of P. aeruginosa were shown to activate ASJ 

chemosensory neurons and elicit the pathogen avoidance behavior of C. elegans [52, 61]. 

In response to P. aeruginosa, the G-protein signaling in ASJ neurons induces the 

expression and secretion of DAF-7, which activates a canonical transforming growth 

factor beta (TGF-β) signaling in downstream RIM/RIC neurons to promote pathogen 

avoidance [61]. Natural variations in a ubiquitin E3 ligase gene, hecw-1, have been linked 

to the distinct avoidance behaviors of wild isolate strains [62]. HECW-1 acts in OLL 

sensory neurons to negatively regulate pathogen avoidance behavior.  
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Even though pathogen virulence has been shown to affect avoidance, it is 

evident that aversive behavior results from integration of both host damage and neural 

detection of pathogens. For example, S. enterica causes persistent infection in the 

intestine but cannot elicit avoidance behavior [42, 58]. The nematodes without pre-

exposure to P. aeruginosa tend to prefer P. aeruginosa rather than E. coli as a food source 

[63]. However, no forward genetic screen has been performed to evaluate the genetic 

basis of pathogen avoidance behavior, so it still remains unclear whether there exist 

other factors involved in the process and how behavioral responses are coordinated with 

immune activations to better benefit the survival of living organisms. 

1.4.3 Innate immune pathways 

1.4.3.1 The PMK-1/p38 MAPK pathway 

The p38 mitogen-activated protein kinase (MAPK) pathway is considered to be 

the most crucial innate immune signaling in C. elegans because the disruption of key 

components in this pathway leads to severe infection and rapid death of nematodes on 

almost all known pathogens except the intracellular parasite Microsporidia [35, 64-67]. 

In addition, the immunosenescence in C. elegans is mainly due to the decline of the PMK-

1/p38 MAPK pathway [68]. The discovery of the PMK-1/p38 MAPK pathway was 

accomplished by a forward genetic screen aiming to identify C. elegans mutants showing 

early death when challenged with P. aeruginosa infection [64]. The mutants were 

recovered by propagating the eggs within the dead bodies. It turned out that these genes 
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encode the MAP kinase kinase kinase (MAPKKK) nsy-1 and the MAP kinase kinase 

(MAPKK) sek-1, which have been shown to function in AWC neurons to control 

asymmetric expression of olfactory receptors [69]. Subsequent studies revealed that the 

knockdown of the pmk-1 gene, which is a homolog of the mammalian p38 MAP kinase 

gene results in the hyper-susceptibility to P. aeruginosa infection, and the 

phosphorylation of PMK-1 is fully dependent on the upstream kinases, NSY-1 and SEK-

1 [64]. A bioinformatic search for genes containing the conserved Toll/IL-1 receptor (TIR) 

homology domain identified the tir-1 gene, which encodes a protein homologous to a 

negative regulator of Toll-like receptor signaling, SARM. The TIR-1 protein functions 

upstream of the NSY-1-SEK-1-PMK-1 kinase cascade and contributes to the resistance to 

both bacterial and fungal infections [70, 71].  

The transcriptional profiling of PMK-1 uncovered downstream genes that mainly 

belong to immune effectors, such as lysozymes, C-type lectins, and CUB-like domain 

proteins [67]. The expression of those effector genes is repressed by the transcription 

factor ATF-7 in the absence of PMK-1 activation; upon pathogen infections, activated 

PMK-1 phosphorylates ATF-7 and switches it from a repressor to an activator of 

immune gene transcription [72]. Besides ATF-7, PMK-1 also functions to phosphorylate 

the transcription factor SKN-1 and promote its nuclear localization under stress 

conditions [73]. SKN-1 is orthologous to mammalian Nrf transcription factors and 

functions to activate the oxidative stress response during pathogen infections [74, 75]. 
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Interestingly, TIR-1 is not required for the PMK-1-mediated activation of SKN-1 though 

NSY-1 and SEK-1 are essential components, implying that distinct sensors might be 

involved in initiating immune and stress responses [73, 74]. 

In C. elegans, the single Toll-like receptor TOL-1 does not function upstream of 

the PMK-1/p38 MAPK pathway [65], and no canonical PRR has been found to detect 

microbial cues and induce immune responses [66]. However, recent studies focusing on 

the upstream regulators indicate that G protein signaling might play a role in controlling 

the PMK-1/p38 MAPK pathway in both the epidermis and intestine [76-78]. In the 

epidermis, the G protein-coupled receptor (GPCR) DCAR-1 is activated by the 

endogenous ligand, 4-hydroxyphenyllactic acid, upon fungal infections and controls the 

PMK-1/p38 immune pathway via GPA-12/Gα and TPA-1/PKC-δ [78]. In the intestine, 

the activation of PMK-1 requires diacylglycerol, which is generated by phospholipase 

EGL-8/PLC-β under the control of EGL-30/Gα [76].  

1.4.3.2 The DAF-2/insulin-like pathway 

The conserved insulin/insulin-like growth factor signaling pathway has long 

been known to control longevity, metabolism, larval development, dauer formation, and 

stress response in C. elegans [79-81]. The identification of mutants with defects in dauer 

formation led to the discovery of the insulin pathway in governing this developmental 

transition. Further studies showed that daf-2 animals live twice as long as wild-type 

animals and the phenotype can be suppressed by the null mutation of daf-16 [80]. In C. 



 

13 

elegans, the insulin-like peptides bind to insulin receptor tyrosine kinase DAF-2, leading 

to the activation of the phosphoinositide 3-kinase AGE-1/PI3K. The subsequent 

phosphorylation of PDK-1, AKT-1/-2, and SGK-1 results in the phosphorylation of the 

FOXO transcription factor DAF-16, which sequesters it in the cytoplasm and inhibits the 

transcription of downstream genes [79, 82]. In addition, the insulin pathway also 

directly inhibits the nuclear localization of SKN-1 [75]. 

The daf-2 animals are resistant to bacterial and fungal pathogens, and the 

enhanced resistance of daf-2 animals disappears in daf-16; daf-2 double mutant, 

indicating that the genes controlled by DAF-16 contribute to the immune defenses to 

pathogen infections [83]. The insulin pathway can also be exploited by P. aeruginosa to 

suppress the host immune defense in C. elegans [84]. 

1.4.3.3 The DBL-1/TGF-β pathway 

The TGF-β pathway plays significant roles in mediating development, dauer 

formation, body size control, and innate immunity in C. elegans [85]. The inducible 

antimicrobial response in C. elegans was originally found by the transcriptional profiling 

of nematodes exposed to S. marcescens [53]. In the same study, it was discovered that the 

genes up-regulated upon pathogen infections overlap with those regulated by dbl-1. In 

addition, the dbl-1 mutant showed enhanced susceptibility to both S. marcescens and P. 

aeruginosa infections [53]. The gene dbl-1 encodes one of the five TGF-β ligands in C. 

elegans. DBL-1 binds to the heterodimeric DAF-4/SMA-6 receptor and activates the 
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downstream SMAD complex composed of SMA-2/SMA-3/SMA-4 [85]. Recent studies 

found that DBL-1 originated from nervous system controls the expression of antifungal 

genes called caenacins (cnc), which are induced specifically by D. coniospora [86]. 

Interestingly, the up-regulation of cnc genes requires sma-3 but not sma-2 or sma-4. These 

observations highlight the role of the nervous system in mediating immune response in 

C. elegans and are consistent with the findings that TGF-β signaling controls 

inflammation, innate immunity, and the development of lymphocytes in humans [87, 

88]. 

1.4.3.4 The HSF-1 heat shock pathway 

Fever is an evolutionarily conserved physiological response to pathogen 

infections. Upon increased temperature, tissue damage, or other stressful conditions, the 

heat shock response in metazoans is activated through the trimerization of heat shock 

factors, which promotes the transcription of heat shock proteins (HSPs) [89]. Many 

members of HSPs function as chaperones to assist protein folding and prevent protein 

aggregation in order to maintain proteostasis in cytoplasm [89]. Our laboratory has 

demonstrated that heat shock treatment of C. elegans could confer enhanced resistance to 

P. aeruginosa infection [90, 91]. The heat-shock-induced immunity is dependent on the 

single heat shock factor HSF-1 and requires the FOXO transcription factor DAF-16. The 

heat shock proteins HSP16 and HSP90 controlled by HSF-1 are found to be required for 
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the immunity of C. elegans. In addition, the RNAi knockdown of hsf-1 could abolish the 

enhanced resistance of daf-2 mutant and daf-16 over-expressing animals [90].  

The interplay between the insulin pathway and the HSF-1 heat shock pathway in 

mediating innate immunity is also manifested by the fact that HSF-1 acts to stimulate the 

nuclear export of DAF-16 under heat shock to prevent the over-activation of immunity 

[92]. Heat shock treatment of daf-16 over-expressing nematodes leads to enhanced 

susceptibility to P. aeruginosa infection. Further studies showed that the RNAi 

knockdown of hsf-1 or hsp-1/Hsp70 delayed the nuclear export of DAF-16 after heat 

shock, suggesting that the HSF-1 pathway not only functions as an immune defense 

mechanism but also contributes to immune homeostasis [92]. 

1.4.3.5 The ZIP-2 pathway and translational inhibition 

The transcriptional profiling of nematodes exposed to P. aeruginosa infection 

uncovered some genes (e.g., irg-1) that are not regulated by the PMK-1/p38 MAPK 

pathway, implying the existence of other transcription factors in activating the immune 

response [67]. Through a genome-wide RNAi screen for suppressors of irg-1::gfp, Estes et 

al. found a bZIP transcription factor, ZIP-2, controls the transcription of irg-1 and some 

other PMK-1-independent genes upon P. aeruginosa infection. The zip-2 mutant shows 

enhanced susceptibility to P. aeruginosa specifically but not to other pathogens, such as 

Staphylococcus aureus [93].  
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The reverse genetic screen for activators of irg-1::gfp identified genes encoding 

proteins that are involved in core cellular processes, such as tRNA synthetases, 

translation factors, and histones. The knockdown of genes encoding tRNA synthetase 

causes translational inhibition and induces zip-2-dependent expression of irg-1. Further 

evidence showed that the intestinal endocytosis of Exotoxin A secreted by P. aeruginosa 

induces the inhibition of mRNA translation, which increases ZIP-2 protein levels 

through an unknown mechanism [94, 95]. Recently, it has been found that another bZIP 

transcription factor, CEBP-2, which is an ortholog of mammalian CCAAT-enhancer-

binding protein gamma (C/EBP γ), functions together with ZIP-2 as heterodimeric 

partners to control the transcription of irg-1 and other infection response genes upon 

translational inhibition [96].  

The lack of canonical PRRs in C. elegans implies the existence of novel 

mechanisms in detecting pathogen infections and mounting corresponding immune 

responses. The induction of ZIP-2 by translation inhibition serves as a surveillance 

mechanism that oversees the core cellular processes to detect pathogen infections. 

Consistent with this notion, our laboratory has shown that the inhibition of nucleolar 

protein confers enhanced resistance to S. enterica infection through the activation of 

genes regulated by a p53 homologue, CEP-1 [97]. In addition, studies in the Ruvkun 

laboratory indicate that the inactivation of conserved genes in C. elegans induces 

avoidance behavior and an immune response even without the presence of a pathogen 



 

17 

[98]. Thus, the recognition of pathogen infections through core cellular activities might 

imply an ancient and conserved mechanism of initiating an immune response dating 

back to the emergence of eukaryotes. 

1.4.3.6 The ELT-2/GATA pathway 

The GATA family of transcription factors is important for the development and 

differentiation of lung, heart, central nervous system (CNS), and hematopoietic stem 

cells [99, 100]. The GATA transcription factors got the name because they bind to the 

consensus DNA sequence (A/T) GATA (A/G) in the promotor and induce corresponding 

gene transcription. In transcriptional profiling of the nematodes infected by P. 

aeruginosa, people found robust expression of immune effectors and the enrichment of 

GATA binding sites in the promotor of those genes. Further studies showed that a 

transcription factor, ELT-2, acts to control the expression of the infection-response genes 

and is required for survival upon P. aeruginosa infection [101]. Similarly, through a 

candidate gene screen of putative immune-related transcription factors, our laboratory 

also identified ELT-2 as an immune activator to protect C. elegans from both bacterial 

and fungal infections [102].  

Recently, our laboratory has established a C. elegans-S. enterica model of acute 

infection and antibiotic amelioration for studying the mechanism underlying immune 

recovery [103]. It was found that ELT-2 regulates the expression of specific genes during 

immune recovery. The elt-2 (RNAi) animals cannot resolve the acute infection of S. 
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enterica and die quickly after being transferred to plates containing antibiotics. During 

the whole process of infection and pathogen clearance, ELT-2 controls the transcription 

of distinct subsets of genes depending on the phase of infection [103]. It is still unknown 

how ELT-2 is able to switch its role at various stages of infection and what co-factors 

might be involved in this transition.     

1.4.3.7 Unfolded protein response 

The unfolded protein response (UPR) is a conserved cellular mechanism for 

dealing with the protein folding stress in endoplasmic reticulum (ER) by activating the 

expression of the downstream genes to expand ER in cytoplasm, assist protein folding, 

and promote necessary protein degradation [104]. There are three major branches of the 

UPR, each of which functions in parallel by employing corresponding transmembrane 

ER-resident signaling sensors: IRE-1, PERK, and ATF6. These sensor proteins detect the 

protein-folding conditions in the ER lumen and transduce signals to the downstream 

transcription factors to activate UPR target genes. Among the three branches, IRE-1 

defines the most conserved UPR pathway, in which IRE-1 is activated through 

oligomerization and phosphorylation upon binding to unfolded proteins and cleaves the 

mRNA of the transcription factor XBP-1 to generate its active form [105]. 

The UPR is important in maintaining homeostasis upon environmental stimuli or 

changes in physiological conditions [104]. The increased level of protein synthesis for 

immune effectors, such as complement proteins, antibodies, and antimicrobial peptides 
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in response to infections would activate the UPR to alleviate the increased ER stress and 

prevent cell death. Accumulating evidence has shown that the UPR is extensively 

involved in immune responses and immune homeostasis [106, 107]. In mammals, TLR 

stimulates the IRE-1-mediated splicing of XBP-1 mRNA, and phosphorylated IRE-1 

interacts with components of the Toll-like receptor signaling pathway to regulate the 

activation of NF-κB and AP-1, two major inflammatory transcription factors in innate 

immunity [106]. In C. elegans, the UPR can be activated by bacterial pore-forming toxins 

[108], and the infection of P. aeruginosa is able to induce the expression of XBP-1-

dependent genes, such as hsp-4 [109]. It was also found that the activation of XBP-1 upon 

pathogen infections requires PMK-1, indicating an interconnection between the UPR and 

the innate immune pathway [109]. In addition, studies in our laboratory have shown 

that a non-canonical UPR pathway controlled by apoptotic scavenger CED-1 is required 

for immunity to bacterial infections in C. elegans [110]. 

1.5 Neural regulation of immunity 

For many years, immunology and neurobiology are considered as distinct 

disciplines, where researchers rarely worked in both fields or had a whole picture 

integrating both nervous and immune systems. However, recent findings have 

unanimously and doubtlessly shown that there exist extensive interactions between the 

nervous system and immune system in many aspects of physiology, including 
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inflammation, immune regulation, the development of immune cells, and 

neurodegenerative diseases [111-113]. 

Classic studies in physiology have revealed the important contribution of the 

neuroendocrine signaling through the hypothalamic–pituitary–adrenal (HPA) axis in 

mediating stress responses. The corticotropin-releasing hormone (CRH) secreted by the 

hypothalamus acts to stimulate the pituitary synthesis of the adrenocorticotropic 

hormone (ACTH), which promotes the production and release of glucocorticoids from 

the adrenal cortex. The glucocorticoids have a wide range of immunological effects, such 

as inhibiting the inflammatory response and affecting the development of T cells [111, 

114]. They also work to decrease the releasing of CRH by the hypothalamus, forming a 

negative feedback loop to maintain the stress response within control [115]. 

The discovery of inflammatory reflex indicates that the nervous system deploys 

the same apparatus to control immune functions as other physiological activities [116]. 

For instance, the sensory vagus nerve is able to detect inflammatory cues by expressing 

cytokine receptors and PRRs, and the activation of efferent vagus nerve fibers inhibits 

the release of tumor necrosis factor (TNF) and other pro-inflammatory cytokines [117]. 

In a model of Streptococcus pneumonia, the spleen-resident B cells are retained and 

decrease the production of antibody upon the stimulation of the vagus nerve [118]. 

Recent findings suggest that bacteria can directly activate nociceptor sensory neurons 

partly through bacterial N-formylated peptides and the pore-forming toxin α-hemolysin. 
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In addition, the ablation of nociceptors leads to enhanced local inflammation and 

lymphadenopathy after S. aureus infection [119]. In all of these cases, the nervous system 

functions to dampen the peripheral immune response to prevent tissue damage and 

maintain immune homeostasis. 

On the other hand, immune cells can express receptors of classic 

neurotransmitters and neuropeptides, which are activated by the neural molecules 

released from the peripheral nervous system. Furthermore, neurotransmitters are also 

employed by immune cells to communicate with each other and regulate their functions 

in autocrine or paracrine signaling [120, 121]. For example, T cells are able to produce 5-

HT, and 5-HT signaling through 5-HT2 receptors can promote cytokine release in T cells. 

In naïve T cells, 5-HT7 receptors expressed on the cell surface are involved in T cell 

activation and proliferation [122]. 

 Due to the complexity of the nervous and immune systems in mammals, it is 

essential to use a genetically tractable model organism to study the underlying 

mechanisms governing the neural regulation of immunity. The nervous system of C. 

elegans comprises only 302 neurons and 56 glial cells. By using serial electron microscopy 

(EM), studies have characterized the complete structure of the nervous system of C. 

elegans at the cellular level [123]. The fixed number of neurons and complete dissection 

of neuronal connections make C. elegans an attractive model to answer the questions of 

neuro-immune communications. Previous studies in our laboratory have highlighted the 
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role of GPCRs in regulating C. elegans innate immunity [107]. A neural circuit involving 

npr-1, which encodes a GPCR homologous to mammalian neuropeptide Y receptors, 

imposes suppressive control of the innate immune response through the PMK-1/p38 

MAPK pathway. NPR-1 is expressed and functions in AQR, PQR, and URX sensory 

neurons. Genetic ablation of these neurons confers enhanced resistance to bacterial 

infections, implying that the neural circuit involving NPR-1-expressing neurons is 

responsible for immune suppression during infection [124]. Although the genetic 

resource of C. elegans accelerates the identification of neural genes that are involved in 

mediating immune defense, extensive studies are needed to elucidate the molecular 

events in participating neurons and the detailed mechanisms linking the nervous system 

and intestine in C. elegans. 

1.6 Biogenic amine neurotransmitters   

Biogenic amine neurotransmitters, such as dopamine, play significant roles in 

central and peripheral nervous systems to regulate a series of physiological functions, 

such as reward, memory, depression, and sleeping [125]. These neurotransmitters are 

released from pre-synaptic vesicles and received by corresponding receptors, including 

GPCRs and ligand-gated ion channels to induce intracellular second messenger cascades 

or changes in membrane potential. The termination of the action of biogenic amines 

relies on the reuptake by specific transporters on the pre-synaptic neuron and the 

degradation catalyzed by monoamine oxidase. 
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There are four types of biogenic amine neurotransmitters in C. elegans: dopamine, 

octopamine, serotonin, and tyramine [126]. Specific enzymes that are responsible for the 

biosynthesis of each amine have been identified, and mutants are available for each 

gene. The analysis of the phenotypes of these mutants provides insights into the 

putative physiological function of each neurotransmitter in C. elegans. By fusing GFP 

with the promoter sequence of the genes encoding key factors in amine synthesis, 

studies have identified the cells in which the corresponding neurotransmitters are 

produced and released to modulate the activities of downstream cells or neurons. In the 

same way, the genes encoding receptors of each amine neurotransmitter help determine 

the cells that can be activated by each ligand. Finally, a variety of drugs targeting 

biogenic amine receptors are available; the implementation of agonists and antagonists 

of corresponding receptors greatly facilitates the determination of their physiological 

roles. By using the information and tools above, it is possible to investigate the role of 

biogenic amine signaling in regulating the immune response in the well-established 

model host, C. elegans.  

1.7 Introduction to dissertation work 

Increasing evidence from studies in neurobiology and immunology implies an 

extensive and universal interaction between the nervous and immune systems, which is 

responsible for organismal control of immune homeostasis [113, 127, 128]. The rapid and 

prompt response of the nervous system and its ability to integrate stimuli from various 
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inputs provide an essential helping hand for the fine-tuning of immune responses, 

which are usually initiated and carried out by individual immune cells. In contrast to the 

complexity of mammalian systems, the model organism C. elegans has been validated as 

a powerful tool to study host-pathogen interactions and elucidate the principles of 

neural regulation of immunity [107, 129].  

The work presented here mainly focuses on studying the immune regulatory 

function of dopamine receptor DOP-4 and the underlying neural circuit that controls the 

immune response upon pathogen infections, as well as the neuronal basis for OCTR-1-

mediated immune response. To identify potential immune activators targeting the 

nervous system, I collaborated with Dr. Yun Cai to perform a drug screen using the 

nematode strain expressing an immune marker of the PMK-1/p38 MAPK pathway. 

From the screen, we found that an antibiotic, colistin is able to activate the immune 

response in C. elegans, and prophylactic treatment of colistin confers a protective effect 

against Gram-negative bacterial infections. Finally, we demonstrated that the colistin-

induced immune response depends on conserved immune pathways in C. elegans [130]. 

In the same chemical screen, we also found that some dopamine antagonists are 

putative activators of the PMK-1/p38 MAPK pathway. One of the dopamine antagonists, 

chlorpromazine, as well as dopamine, could modulate the immune response of C. 

elegans to P. aeruginosa infection. Based on these data, we sought to identify the 

dopamine receptor(s), which might be involved in immune regulation. We found that 
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the mutants with deletions in a dopamine receptor gene dop-4 presented an enhanced 

survival rate and reduced bacterial burden upon P. aeruginosa infection. Further 

experiments showed that PMK-1-dependent genes were upregulated in dop-4 mutants 

either at basal level or upon pathogen infections. To explore the role of dopamine 

signaling in immune modulation, we performed targeted ablation of dopaminergic 

neurons CEP and found that animals lacking CEP neurons are more resistant to P. 

aeruginosa infection. Animals treated with dopamine are more susceptible to infections, 

and dopamine is able to rescue the phenotype of the CEP-ablated strain. Additionally, 

single-neuron expression of dop-4 in ASG, the neurons having direct synaptic connection 

with CEP neurons, could suppress the enhanced resistance of the dop-4 mutant, 

validating the model that dopaminergic CEP neurons control immunity through 

dopamine receptor DOP-4 expressed in ASG neurons [131]. 

Dopamine is one of the four biogenic amine neurotransmitters, which includes 

octopamine. Our laboratory has shown that an octopamine receptor, OCTR-1, regulates 

innate immune activation and the unfolded protein response in C. elegans [132]. We 

performed targeted killing of each of the sensory neurons in which OCTR-1 functions to 

modulate the immune response and assigned the functions of immune regulation and 

avoidance induction to individual neurons. Unpublished data in our laboratory revealed 

that the neuropeptide NLP-20 is downstream of OCTR-1 and is required for the 

enhanced resistance of octr-1(ok371) animals. By constructing a putative neuronal 
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diagram, we identified specific interneurons, AIA, and further examined their role in 

OCTR-1-mediated immune response. Further studies are required to determine the 

precise molecular mechanisms underlying the regulation of immune responses by these 

neurons.  

This work provides evidence that dopamine receptor DOP-4 and dopaminergic 

neural circuit control the innate immune response and identifies the neurons that are 

involved in OCTR-1-mediated immune regulation.   
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2. Chemical screen for immune activators identified 
molecules that target conserved immune pathways 

2.1 Introduction 

2.1.1 Chemical screen using C. elegans 

The ease of culturing and propagating the nematode C. elegans has made it a 

promising model to perform chemical screens for a variety of purposes. Compared with 

other whole-animal models, chemical screens using C. elegans are much cheaper and less 

time-consuming to achieve in a high-throughput manner. The conserved homology of 

genes between C. elegans and mammals provides the advantage of C. elegans-based drug 

screening and facilitates the translation of results into other animal models. 

In the early 1980s, C. elegans has already been used for primary anthelmintic 

screening [133]. A chemical screen of 14,100 small molecules using C. elegans identified 

308 compounds that induce a variety of phenotypes, including slow growth, lethality, 

uncoordinated movement, and defects in morphology [134]. Initially, wild-type C. 

elegans was used as a model host to screen various bacterial mutants cultured on petri 

dish plates. However, a C. elegans killing assay can also be performed in liquid culture, 

which makes it possible to assess the immunity of nematode mutants more efficiently 

[135]. In the Ausubel laboratory, Moy et al. devised a novel high-throughput screen 

methodology to identify compounds that enhance the survival of C. elegans upon E. 

faecalis infection. They stained nematodes with SYTOX Orange, which is not absorbed by 

living cells but can permeate into the damaged membrane of dead animals. This method 
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combined with the software for automatic analysis of worm images substantially 

facilitates the chemical and mutant screen using C. elegans [136]. In the same study, Moy 

et al. identified 31 molecules, which are able to enhance the survival of infected 

nematodes but do not share any structural relationship to known antimicrobials. 

Following this study, Pukkila-Worley et al. found that eight of the 31 molecules can 

protect C. elegans from P. aeruginosa infection, and among these, one molecule called 

RPW-24 was shown to robustly stimulate host immune defense by activating the PMK-

1/p38 MAPK pathway [137]. To further identify novel molecules that can activate the 

immune response and gain insights into the neural control of immunity in C. elegans, we 

decided to perform a whole-animal chemical screen of marketed drugs, which consist of 

a substantial number of molecules targeting the nervous system.  

2.1.2 Prestwick Chemical Library® and C. elegans strain AY101 

The library we used for whole-animal drug screen is the Prestwick Chemical 

Library®, which contains 1,120 molecules, 90% being marketed drugs. The molecules 

were selected based on their high chemical and pharmacological diversity, and for their 

known bioavailability and safety in humans. The Prestwick Chemical Library® was 

designed for clinical application to reduce the risk of "low quality" hits and the cost of 

the initial screening and to accelerate lead discovery. In addition, many drugs used in 

clinical treatment are known to target GPCR, which is an important family of neural 
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genes. We expected that the chemical screen would shed light on the role of 

neuromodulators in regulating immune response. 

To perform the screen, we used the C. elegans strain AY101, which is a PMK-

1/p38 reporter strain that we engineered to express GFP under the control of the 

promoter of a gene that is a marker for the PMK-1/p38 MAPK pathway, F35E12.5 [138]. 

F35E12.5 encodes a protein that contains a CUB-like domain and is activated in the 

transcriptional response towards several bacterial pathogens, including Y. pestis and P. 

aeruginosa. In these transgenic animals, only minimal expression of GFP is observed in 

the presence of the normal food source E. coli OP50, but high levels of expression are 

seen in the intestine of animals exposed to bacterial pathogens or drugs capable of 

activating PMK-1/p38. By screening the Prestwick Chemical Library® using AY101 

animals, we intended to find potential activators of innate immunity that might confer 

protection against bacterial infections.    

2.2 Results 

2.2.1 A C. elegans-based chemical screen identifies molecules 
capable of inducing fluorescence in AY101 animals 

Synchronized AY101 larval animals were exposed for 24 hours to 1,120 

compounds from the Prestwick Chemical Library® (20 µg/ml, final concentration) and 

screened for enhanced GFP fluorescence under stereomicroscope. Animals exposed to 

only E. coli OP50 or Y. pestis KIM5 were used as references to determine the two levels of 

GFP fluorescence: fluorescence strength comparable to or stronger than that induced by 
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Y. pestis and fluorescence strength comparable to or lower than that observed in animals 

exposed to E. coli. The screen was repeated three times, and only those chemicals 

capable of inducing fluorescence strengths comparable to or stronger than that induced 

by Y. pestis three times were deemed candidates.  

 

Figure 1: Work flow for the screening of 1,120 drugs capable of activating the 
PMK-1/p38 pathway. 

C. elegans strain AY101, which expresses GFP under the control of the promoter of a 
reporter gene of PMK-1/p38 activity, F35E12.5, was used to screen 1,120 compounds 
of the Prestwick Chemical Library®. Out of the 45 chemicals found to enhance GFP 
fluorescence on AY101 animals, 16 correspond to antimicrobial agents and 22 target 
the nervous system (some chemicals belong to more than one subcategory). 

 

As shown in Figure 1, we identified 45 possible candidates, of which 16 

correspond to antimicrobial agents, and 22 correspond to drugs that target the nervous 
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system, including antagonists of dopamine and serotonin receptors. The identification of 

16 drugs with known antimicrobial properties as putative activators of the PMK-1/p38 

pathway was unexpected and suggested that certain antibiotics function by killing or 

inhibiting the growth of pathogen, as well as boosting host innate immunity. 

2.2.2 The antibiotic colistin can activate conserved innate immune 
pathways and protect C. elegans from bacterial infection 

From the screen of immune activators, we unexpectedly found colistin, which is 

a last-resort antibiotic against multidrug-resistant Gram-negative bacterial strains [139]. 

Colistin, also known as polymyxin E, is a mixture of the cyclic polypeptide colistin A 

and colistin B. It exerts its microbial killing activity by interacting with the lipid A, a 

moiety of LPS to cause the disorganization of the bacterial outer membrane. Colistin was 

discovered in 1949 and widely used in clinics before 1980. Due to its nephrotoxicity and 

the usage of less toxic antibiotics, colistin was almost abandoned. However, colistin has 

been reused during recent decades to cure the infection of multidrug-resistant 

pathogens, such as Klebsiella pneumoniae [140]. Although a large number of studies 

investigate the clinical use of colistin, antibacterial activity, and mechanisms of microbial 

resistance, it has never been reported to target the host immune system. However, our 

studies indicate that in addition to its antimicrobial activity, it can activate the PMK-

1/p38 MAPK pathway. Consistent with the initial findings described in Figure 1, AY101 

adult animals treated with colistin exhibited higher levels of pF35E12.5::gfp expression 

than untreated animals (Figure 2). As shown in Figure 2, the level of pF35E12.5::gfp 
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expression induced by colistin seems comparable to that induced by Y. pestis infection, 

which is known to activate the PMK-1/p38 MAPK pathway and the expression of 

F35E12.5. 

 

Figure 2: Colistin activates pF35E12.5::gfp through the PMK-1/p38 pathway. 

AY101 acIs101[pF35E12.5::gfp, rol-6(su1006)] animals carrying a transcriptional 
reporter for F35E12.5 were treated with vector control or pmk-1 RNAi and 
subsequently exposed to E. coli OP50, E. coli OP50 plus colistin, or Y. pestis KIM5 for 
24 hours and imaged using fluorescence microscopy. 

 

We previously demonstrated that the RNAi inhibition of pmk-1 considerably 

reduced pF35E12.5::gfp expression in AY101 animals, indicating that the inducible 
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expression of F35E12.5 in response to Y. pestis infection is largely dependent upon PMK-

1. Colistin might be able to induce the gene expression of F35E12.5 by targeting the 

PMK-1/p38 pathway, similarly to Y. pestis infection, or it might activate a PMK-1-

independent mechanism also capable of eliciting the expression of F35E12.5. To 

distinguish between these two possibilities, we analyzed the fluorescence emitted by 

AY101 animals where RNAi was used to inhibit PMK-1. The RNAi inhibition of pmk-1 

considerably reduced pF35E12.5::gfp expression in AY101 animals, demonstrating that 

inducible expression of F35E12.5 in response to colistin is largely dependent upon the 

PMK-1/p38 MAPK pathway (Figure 2). We also studied whether the enhanced PMK-1 

transcriptional activity upon colistin treatment correlated with higher levels of active 

PMK-1. Western blot analysis showed that colistin-treated animals exhibited higher 

levels of active PMK-1 than control-treated animals (Figure 3). Taken together, these 

results show that colistin is capable of activating PMK-1, which results in the elicitation 

of its transcriptional activity. 

 

Figure 3: Colistin treatment increases the level of active PMK-1/p38. 
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Western blot analysis of active p38 expression level of wild-type animals treated with 
(WT+Col) or without colistin for 24 hours. The pmk-1(km25) mutant was used as a 
control. The level of active PMK-1/p38 in the “WT+Col” group is 1.53-fold higher 
than that of the WT group (N = 3; p < 0.05). Image quantification was performed 
using the software program ImageJ. 

 

Because colistin treatment induces the expression of immune effectors and 

activates the innate immune response, we hypothesized that colistin treatment might 

protect C. elegans from bacterial infections. An advantage of using Y. pestis as a model 

pathogen for survival analysis is that it is naturally resistant to colistin [141]. Thus, the 

use of Y. pestis should allow us to distinguish the antimicrobial properties of colistin 

from its immunomodulatory properties. To further rule out the possibility that colistin 

might protect C. elegans from bacterial infections due to any antimicrobial property, we 

decided to treat the nematodes prior to pathogen exposure. Thus, we treated C. elegans 

with colistin for 24 hours before exposing the animals to Y. pestis. As shown in Figure 

4A, pretreatment with colistin enhances the resistance of wild-type animals to Y. pestis-

mediated killing. Y. pestis KIM5 infection in C. elegans is characterized as causing a 

persistent colonization of the intestine that initiates in the posterior part of the intestinal 

track [45], which is the region of the nematode where most upregulated F35E12.5 upon 

Y. pestis infection and colistin treatment is observed (Figure 2). In contrast, pathogens 

such as P. aeruginosa kill C. elegans by a mechanism that does not involve persistent 

colonization of the intestine [51]. Therefore, we studied whether colistin could protect 

from a pathogen that kills C. elegans using a different mode of infection. Pretreatment 
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with colistin also enhanced the resistance of the animals to P. aeruginosa-mediated killing 

(Figure 4B).  

 

Figure 4: Intestinal PMK-1 is required for colistin-induced resistance to the 
Gram-negative bacteria Y. pestis and P. aeruginosa. 

(A and B) Wild-type N2 and pmk-1(km25) L4 animals treated with or without colistin 
for 24 hours were transferred to plates containing Y. pestis or P. aeruginosa and scored 
for survival. A, WT vs. WT+colistin: p < 0.001, pmk-1(km25) vs. pmk-1(km25)+colistin: 
p > 0.1; B, WT vs. WT+colistin: p < 0.01, pmk-1(km25) vs. pmk-1(km25)+colistin: p < 0.01 
(C and D) MGH171 sid-1(qt9); Is[Pvha-6::sid-1::SL2::gfp] L4 animals fed with E. coli 
strain HT115 carrying a vector control or expressing double-stranded RNA (dsRNA) 
targeting pmk-1 were treated with or without colistin for 24 hours, transferred to 
plates containing Y. pestis or P. aeruginosa, and scored for survival. C, vector vs. 
vector+colistin: p < 0.001, pmk-1 vs. pmk-1+colistin: p > 0.1; D, vector vs. 
vector+colistin: p < 0.001, pmk-1 vs. pmk-1+colistin: p > 0.1. 



 

36 

We further studied whether the prophylactic effect of colistin requires PMK-1 by 

treating pmk-1(km25) animals with colistin prior to Y. pestis or P. aeruginosa infection. It is 

found that the survival of pmk-1(km25) animals treated with colistin was comparable to 

that of untreated animals (Figure 4A and 4B), indicating that the beneficial effects of 

colistin require a functional PMK-1/p38 MAPK pathway. Because PMK-1 functions in 

the intestine to confer resistance to both Y. pestis and P. aeruginosa infections, we 

hypothesized that colistin might require intestinal PMK-1 for protection against 

infections. To evaluate the intestinal contribution of PMK-1 in response to colistin, we 

utilized a C. elegans strain with RNAi activity enriched only in the intestine (strain 

MGH171). The RNAi knockdown of pmk-1 in the intestine of MGH171 animals 

completely abolished the protection conferred by colistin (Figure 4C and 4D). This result 

indicates that the intestine is the major site where colistin functions to modulate the 

immune response in C. elegans. 

The transcription factor SKN-1 is phosphorylated by PMK-1 under stress 

conditions including pathogen infections [74]. Thus, we sought to investigate whether 

SKN-1 is needed for colistin-induced immune activation. The RNAi knockdown of skn-1 

completely abolished the beneficial effect of colistin (Figure 5A and 5B). In addition, the 

colistin-induced resistance to infections was also found to be dependent on DAF-16, 

because daf-16(mu86) mutation completely suppressed the enhanced resistance to both 

Y. pestis and P. aeruginosa upon colistin treatment (Figure 5C and 5D). Taken together, 
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these results indicate that besides PMK-1, colistin protection for the Gram-negative 

bacteria Y. pestis and P. aeruginosa also depends on both SKN-1 and DAF-16. 

 

Figure 5: Colistin-induced resistance to the Gram-negative bacteria Y. pestis 
and P. aeruginosa depends on the transcription factors SKN-1 and DAF-16. 

 (A and B) Wild-type L4 animals fed with E. coli strain HT115 carrying a vector 
control or expressing dsRNA targeting skn-1 were treated with or without colistin 
for 24 hours, transferred to plates containing Y. pestis or P. aeruginosa, and scored for 
survival. A, vector vs. vector+colistin: p < 0.01, skn-1 vs. skn-1+colistin: p > 0.1; B, 
vector vs. vector+colistin: p < 0.05, skn-1 vs. skn-1+colistin: p > 0.1. (C and D) Wild-
type and daf-16(mu86) L4 animals treated with or without colistin for 24 hours were 
transferred to plates containing Y. pestis or P. aeruginosa and scored for survival. C, 
WT vs. WT+colistin: p < 0.01, daf-16(mu86) vs. daf-16(mu86)+colistin: p > 0.1; D, WT 
vs. WT+colistin: p < 0.05, daf-16(mu86) vs. daf-16(mu86)+colistin: p > 0.1.  
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2.2.3 Chemical targeting of dopamine signaling affects the immune 
response in C. elegans 

Among the 45 putative immune activators that we identified in the chemical 

screen, there are six antagonists of serotonin receptors and seven antagonists of 

dopamine receptors. As an initial step to determine whether drugs that target the 

dopaminergic nervous system might control immunity at the cell-non-autonomous 

level, we treated wild-type animals with the dopamine antagonist chlorpromazine 

during exposure to P. aeruginosa. As shown in Figure 6A, animals treated with 

chlorpromazine exhibited enhanced resistance to P. aeruginosa-mediated killing. In 

contrast, wild-type animals showed a small but significantly enhanced susceptibility to 

the pathogen when treated with dopamine (Figure 6B). We also studied whether the 

enhanced resistance to P. aeruginosa-mediated killing induced by the treatment with 

chlorpromazine correlated with higher levels of active PMK-1. Western blot analysis 

indicate that animals treated with chlorpromazine had higher levels of active PMK-1 

(Figure 7A). Furthermore, two genes that are markers of the PMK-1 pathway, F35E12.5 

and lys-2, were upregulated in response to chlorpromazine treatment (Figure 7B), 

suggesting that chemical inhibition of dopamine signaling protects C. elegans against 

pathogenic bacteria by inducing the expression of immune-related genes. 
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Figure 6: Chemical targeting of dopamine signaling affects the survival of C. 
elegans on P. aeruginosa lawn. 

(A) Wild-type animals were exposed to P. aeruginosa PA14 in the presence or absence 
of the dopamine antagonist chlorpromazine (CPZ) and scored for survival. WT vs. 
WT+CPZ: p < 0.001. (B) Wild-type animals were exposed to P. aeruginosa PA14 in the 
presence or absence of dopamine (DA) and scored for survival. WT vs. WT+DA: p < 
0.01. 
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Figure 7: Chlorpromazine treatment activates PMK-1/p38 MAPK pathway. 

(A) Western blot analysis of active PMK-1/p38 levels in wild-type animals treated 
with or without chlorpromazine. Image quantification was performed using the 
software program ImageJ (NIH). (B) qRT-PCR analysis of F35E12.5 and lys-2 gene 
expression in wild-type animals treated with chlorpromazine compared with control 
animals. All bars represent means ± SEM; *p < 0.05. 

 

2.3 Discussion 

It has long been known that certain antibiotics (e.g., macrolides) have 

immunomodulatory properties, which can improve the long-term outcome of patients 

with some chronic diseases [142]. Here, the chemical screen for immune activators 

identified colistin as a potent immune activator that targets conserved pathways 

including the PMK-1/p38 MAPK and DAF-2/insulin pathway. C. elegans has a number of 

physical and enzymatic xenobiotic defenses, including various detoxification enzymes 

that can act as xenobiotic efflux pumps [143]. However, the direct exposure of the 

intestinal cells to colistin for 24 hours appears to circumvent the aforementioned 

xenobiotic detoxification mechanisms, allowing colistin to reach intracellular 
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concentrations necessary to activate immune pathways and confer resistance to 

pathogen infections. It is still unknown whether colistin is transported into cytosol or 

binds to a membrane-associated molecule.  

It is known that some GPCRs control the innate immune response in C. elegans 

[144]. Thus, it is not surprising that the chemical screen identified immune activators 

targeting the nervous system, which includes antagonists of serotonin and dopamine. 

Antagonists of serotonin have been shown to promote life span extension in C. elegans 

[145]. The depletion of serotonin by tph-1 mutation causes the nuclear localization of the 

FOXO transcription factor DAF-16, which increases the expression of stress response 

genes [146]. In addition, serotonergic sensory ADF neurons have been shown to 

modulate the immune response to the natural pathogen M. nematophilum by regulating 

G-protein signaling in rectal epithelial cells in C. elegans [147]. Because serotonin 

signaling regulates locomotion, pharyngeal pumping, and egg laying, it might function 

to modulate the immune system to respond to environmental stimuli. 

In the chemical screen, we also found seven dopamine antagonists that can 

activate the expression of the immune marker in C. elegans. The treatment with 

dopamine and dopamine antagonist led to distinct survival phenotypes upon pathogen 

infections, suggesting that exogenous drugs can reach the neurons controlling immunity 

and affect the immune response by activating the dopamine receptors on the cell 

surface. The manipulation of dopaminergic signaling by specific drugs complements the 
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genetic studies and provides convenient and powerful tools for the direct evaluation of 

the role of this neurotransmitter in modulating the immune response in C. elegans.  
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3. The D1-like dopamine receptor DOP-4 controls innate 
immunity against bacterial infection 

3.1 Introduction 

3.1.1 Dopamine and immunity 

Dopamine is a central nervous system (CNS) neurotransmitter involved in the 

control of several important physiological functions, such as cognition, motivation, 

movement, sleeping, and reward [125]. The neurodegenerative disease, Parkinson’s 

disease, is caused by the significant cell death of dopaminergic neurons in substantia 

nigra. In addition, dopamine is also present in peripheral tissues, where it regulates 

blood pressure, sodium balance, and renal functions. Dopamine is mainly synthesized in 

neurons and adrenal glands, in which tyrosine is catalyzed by aromatic amino acid 

hydroxylase (AAAH) to generate L-DOPA and subsequently converted to dopamine by 

aromatic L-amino acid decarboxylase (AADC). 

Dopamine executes its physiological functions by binding to and activating the 

dopamine receptors on the cell surface. In humans, there are five subtypes of dopamine 

receptors, named from D1 to D5. All the dopamine receptors are GPCR, which functions 

by changing the intracellular level of cyclic adenosine monophosphate (cAMP) and 

transmitting signals to downstream cells. Based on their effect on adenylyl cyclase (AC), 

dopamine receptors can be categorized into two families: D1-like and D2-like. Dopamine 

receptors D1 and D5 are D1-like receptors, which activate AC and increase the 

intracellular level of cAMP and protein kinase A (PKA). In contrast, D2-like receptors, 
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which includes D2 to D4 receptors, function by inhibiting AC and decreasing the 

intracellular levels of cAMP and PKA.   

Recent findings indicate that dopamine is a key transmitter between the nervous 

system and the immune system as well as a mediator produced and released by immune 

cells themselves [121, 148, 149]. Torres-Rosas et al. reported that the activation of sciatic 

nerve by electroacupuncture controls systemic inflammation through the vagal 

activation of AAAD, which increases the production of dopamine in the adrenal 

medulla. dopamine inhibits cytokine production via dopamine D1 receptor (DRD1), and 

D1 receptor agonists inhibit systemic inflammation and protect mice with adrenal 

insufficiency from polymicrobial peritonitis [150]. In addition, it was found that the 

activation of the dopaminergic ventral tegmental area (VTA) enhances both innate and 

adaptive immunity to E. coli in mice [151]. Lymphocytes and dendritic cells (DC) have 

been reported to produce dopamine, which in turn might act as autocrine or paracrine 

mediator on immune cells. When DC presents antigen through the interaction between 

MHC class II molecule and TCR, dopamine can be released simultaneously and binds to 

the dopamine receptors on the surface of T cells to modulate the functions of key 

immune factors, such as the transcription factor NF-κB [152]. In macrophages, dopamine 

is able to inhibit the NLRP3 inflammasomes via DRD1. The DRD1 signaling controls 

NLRP3 inflammasome through cAMP and promotes the degradation of the 

inflammasome through the ubiquitin-proteasome system [153].  
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3.1.2 Dopamine signaling in C. elegans 

In C. elegans, dopamine mainly regulates locomotion, mechanosensation, egg 

laying, and food search behavior. The physiological functions of dopamine were 

discovered through the treatment of exogenous dopamine, the ablation of dopaminergic 

neurons, and mutants lacking key factors in dopamine signaling [126].  

Dopamine was first found to control the so-called basal slowing response, in 

which wild-type nematodes slow their moving when they are in the bacterial lawn. 

However, the slowing phenotype was abolished in both the cat-2 mutant, which lacks 

the tyrosine hydroxylase for dopamine synthesis, and animals with dopaminergic 

neurons ablated [154]. In addition, dopamine is also involved in the modulation of food 

search behavior. Wild-type animals exhibit local search behavior (also known as area 

restricted searching) after the depletion of food. In this scenario, nematodes tend to 

increase the frequency of high-angled or omega-shaped turns to first retain and search 

for food in the original area where they have been feeding. After a period of time (~30 

minutes), local search behavior will be suppressed, and nematodes begin to explore 

more distant areas for food by reducing the frequency of turns. The ablation of 

dopaminergic neurons or the treatment with dopamine antagonist raclopride was 

shown to abolish the local search behavior of C. elegans [155].  Those studies highlighted 

the role of dopaminergic signaling in regulating responses to environmental changes, 

especially the foraging behavior in C. elegans.  
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There are four typical dopamine receptors in C. elegans, DOP-1 through DOP-4, 

for which functional and pharmacological studies have been performed. Among those 

receptors, DOP-1 and DOP-4 are D1-like receptors, and DOP-2 and DOP-3 are D2-like 

receptors. DOP-1 receptor has been shown to function in ALM and PLM neurons to 

modulate the habituation to plate tapping [156]. Consistent with the known functions of 

dopamine signaling in C. elegans, dop-3 mutants do not show basal slowing phenotype 

on bacterial lawn, and this defect can be reversed by the mutation of the dop-1 gene, 

indicating that DOP-1 and DOP-3 function antagonistically to modulate behavioral 

responses to bacterial food [157]. In addition, studies have shown that dopamine 

signaling is required for the immunity of enteropathogenic E. coli (EPEC) reinfection. 

The loss of function mutation in the dopamine receptor DOP-3 completely abolished the 

enhanced resistance gained through a pre-infection of EPEC, implying that dopamine 

signaling might be involved in the memorization of pathogen infections in C. elegans 

[158]. 

The D1-like receptor DOP-4 represents an invertebrate specific dopamine 

receptor since it clusters most with dopamine receptors unique to invertebrates, such as 

Drosophila DAMB/DopR99B and Apis mellifera AmDOP-2 [159]. In C. elegans, the 

existence of food augments aversive behavior to soluble repellents, which are detected 

by the sensory neurons. Studies in the Schafer laboratory have shown that the food-

induced avoidance behavior requires dopamine signaling and DOP-4 activity in ASH 
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chemosensory neurons [160]. DOP-4 is also expressed in pharyngeal neurons (I1 and I2), 

ASG, AVL, CAN, and PQR neurons as well as in vulva, intestine, rectal glands, and 

rectal epithelial cells [159]. 

3.2 Results 

3.2.1 dop-4 mutants are resistant to P. aeruginosa infection 

We have shown in Section 2.2.3 that the modulation of dopamine signaling by 

applying dopamine or dopamine antagonists could affect the immune response in C. 

elegans. As described in the introduction, dopamine released from pre-synaptic vesicles 

must engage receptors expressed in downstream neurons to perform its physiological 

functions in vivo. To identify the dopamine receptor(s) that might be involved in the 

control of immune responses, we examined the susceptibility to P. aeruginosa of four 

strains of C. elegans lacking dopamine receptors. We found that only dop-4(tm1392) 

animals, which carry a 1,086-bp deletion in the dop-4 gene, showed enhanced resistance 

to P. aeruginosa infection compared with wild-type animals (Figure 8A and 8B). The 

other dopamine receptor mutants showed comparable survival kinetics as wild-type 

animals. We also found that dop-4(tm1392) animals do not show a significant lifespan 

extension on heat-killed bacteria compared with wild-type animals (Figure 9), indicating 

that dop-4 might modulate immunity without affecting longevity.  
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Figure 8: Dopamine receptor mutant dop-4 is resistant to P. aeruginosa 
infection. 

(A) dop-4 gene structure and dop-4 alleles. The tm1392 allele contains a 1086-bp 
deletion, and the ok1321 allele contains a 1766-bp deletion. (B) Wild-type animals 
and dopamine receptor mutants were exposed to P. aeruginosa PA14 and scored for 
survival. WT vs. dop-4(tm1392): p < 0.0001. (C) Wild-type, dop-4(tm1392), and dop-
4(ok1321) animals were exposed to P. aeruginosa PA14 and scored for survival. WT 
vs. dop-4(tm1392): p < 0.001, WT vs. dop-4(ok1321): p < 0.001. 
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Figure 9: Dopamine receptor mutant dop-4(tm1392) exhibits wild-type lifespan 
on heat-killed bacteria. 

Wild-type and dop-4(tm1392) animals were exposed to heat-killed P. aeruginosa PA14 
and scored for survival. WT vs. dop-4(tm1392): p > 0.1. 

 

To rule out the possibility of an allelic effect caused by the dop-4(tm1392) 

mutation, we examined the susceptibility to P. aeruginosa-mediated killing of dop-

4(ok1321) animals, which harbor a 1,766-bp deletion in the dop-4 locus (Figure 8A). Both 

dop-4(tm1392) and dop-4(ok1321) animals exhibited similar resistance to killing by P. 

aeruginosa (Figure 8C), suggesting that dop-4 might be involved in dopamine-mediated 

immune regulation. Consistent with this idea, dop-4 was required for the enhanced 

susceptibility to P. aeruginosa-mediated killing induced by dopamine treatment (Figure 

10A). In addition, the enhanced resistance to P. aeruginosa-mediated killing of dop-

4(tm1392) animals did not differ from that of dop-4(tm1392) animals treated with 

chlorpromazine (Figure 10B). In contrast, treatment with chlorpromazine enhanced 
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resistance to P. aeruginosa infection in animals carrying mutations in the other dopamine 

receptors (Figure 11), suggesting that chlorpromazine enhances immunity primarily by 

inhibiting the D1-like dopamine receptor DOP-4. Taken together, these data indicate that 

dop-4 might control the defense mechanisms in C. elegans to promote survival on a 

bacterial pathogen.   

 

Figure 10: The immune modulation by chemical targeting of dopamine 
signaling depends on dopamine receptor DOP-4. 
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(A) Wild-type and dop-4(tm1392) animals were exposed to P. aeruginosa PA14 in the 
presence or absence of dopamine (DA) and scored for survival. WT vs. WT+DA: p < 
0.01, dop-4(tm1392) vs. dop-4(tm1392)+DA: p > 0.1. (B) Wild-type and dop-4(tm1392) 
animals were exposed to P. aeruginosa PA14 in the presence or absence of 
chlorpromazine and scored for survival. WT vs. WT+CPZ: p < 0.001, dop-4(tm1392) 
vs. dop-4(tm1392)+CPZ: p > 0.1. 

 

 

Figure 11: The chlorpromazine-induced resistance cannot be abolished in dop-
1(vs100), dop-2(vs105), and dop-3(vs106) mutants. 

(A) dop-1(vs100), (B) dop-2(vs105), and (C) dop-3(vs106) animals were exposed to P. 
aeruginosa PA14 and scored for survival in the presence or absence of chlorpromazine 
(CPZ). dop-1(vs100) vs. dop-1(vs100)+CPZ: p < 0.01, dop-2(vs105) vs. dop-2(vs105)+CPZ: 
p < 0.01, dop-3(vs106) vs. dop-3(vs106)+CPZ: p < 0.05. 
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3.2.2 The reduced bacterial burden in dop-4 mutants is due to 
enhanced immunity but not behavioral defects 

Because dop-4(tm1392) animals showed enhanced survival when cultured on the 

pathogen P. aeruginosa, we further questioned whether the enhanced resistance to P. 

aeruginosa infection correlated with reduced bacterial accumulation in the intestine. To 

address this question, we infected dop-4(tm1392) animals with P. aeruginosa labeled with 

GFP. The dop-4(tm1392) animals showed a significant reduction of fluorescence intensity 

within the intestine (Figure 12A). In addition, there were fewer bacterial cells in the 

intestine of the dop-4 mutant compared with wild-type animals (Figure 12B). 

 

 

Figure 12: The dop-4(tm1392) animals have reduced bacterial burden upon P. 
aeruginosa infection. 

(A) Wild-type and dop-4(tm1392) animals were exposed to P. aeruginosa PA14-GFP 
for 30 hours and visualized using a Leica M165 FC fluorescence stereomicroscope. 
Scale bar, 0.5 mm. (B) Wild-type and dop-4(tm1392) animals were exposed to P. 
aeruginosa PA14-GFP for 30 hours, and the colony-forming units (CFU) were 
counted. Ten animals were used for each condition. All bars represent means ± SEM; 
*p < 0.05. 
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The avoidance of P. aeruginosa is part of the C. elegans defense response against 

this pathogen. The behavior would reduce the time of the nematodes spent on the 

pathogen lawn, leading to a decreased dose of bacterial loads in the intestine. To test this 

possibility, we performed a so-called full-lawn survival assay using plates that are 

completely covered by bacteria, a condition that eliminates pathogen avoidance. We 

found that dop-4(tm1392) animals exhibited enhanced resistance to P. aeruginosa infection 

compared with wild-type animals on full-lawn plates (Figure 13A and 13B). In addition, 

we monitored the lawn occupancy of wild-type and dop-4(tm1392) animals on partial-

lawn plates, which are normally used for survival assays. The nematode distribution on 

the pathogen lawn did not differ significantly between wildtype and dop-4(tm1392) 

animals (Figure 13B and 13C), indicating that the enhanced resistance and reduced 

bacterial loads of dop-4(tm1392) animals upon P. aeruginosa infection was not due to 

enhanced pathogen avoidance. 
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Figure 13: The dop-4(tm1392) animals do not show avoidance behavior on P. 
aeruginosa lawn. 

(A) Wild-type and dop-4(tm1392) animals were exposed to a full lawn of P. aeruginosa 
PA14 and scored for survival. WT vs. dop-4(tm1392): p < 0.001. (B) The diagram of 
partial and full lawns of bacterial pathogen. The typical survival is performed on 
partial lawns, in which pathogen avoidance can be observed. (C) Wild-type and dop-
4(tm1392) animals were cultured on partial pathogen lawns, and the percentage of 
animals on the pathogen lawn was calculated for each time point. 
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To study whether a reduced feeding behavior in dop-4(tm1392) animals might 

account for the reduced bacterial burden observed, we studied the pumping rate of the 

animals and the accumulation of fluorescent beads in the intestine. We observed that 

over 30 seconds or 2 minutes, the pumping rate of dop-4(tm1392) animals was not lower 

than that of wild-type animals (Figure 14A and 14B). In addition, the accumulation of 

fluorescent beads in the intestine of dop-4(tm1392) and wild-type animals was 

comparable, whereas the accumulation of fluorescent beads in the feeding mutant eat-

2(ad465) was lower (Figure 14C). These results indicate that dop-4(tm1392) animals do 

not exhibit any feeding deficiency and that the dose of infecting bacteria they received is 

comparable to that of wild-type animals. Thus, we reasoned that the dop-4 mutation 

leads to the activation of microbial killing mechanisms that result in reduced bacterial 

burden and enhanced survival upon pathogen infections. 
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Figure 14: The dop-4(tm1392) animals do not show defects in pharyngeal 
pumping on P. aeruginosa lawn. 

(A and B) The pumping rates of ten nematodes were determined before infection 
with P. aeruginosa or at 12 and 24 hours after infection. (A) over 2 minutes, (B) over 
30 seconds. Bars represent means ± SEM. (C) Wild-type, eat-2(ad465), and dop-
4(tm1392) animals were fed a 25:1mixture of P. aeruginosa PA14 and 0.2-µm 
fluorescent beads for 30 minutes and visualized using a Leica M165 FC fluorescence 
stereomicroscope. Scale bar = 0.4 mm. Fluorescence was quantified using software 
ImageJ, WT vs. dop-4(tm1392): p > 0.1, WT vs. eat-2(ad465): p < 0.05. 

 

3.2.3 The PMK-1/p38 MAPK pathway is required for the enhanced 
immunity of dop-4 mutants 

Based on the results in 3.2.1 and 3.2.2, we hypothesized that DOP-4 might act as 

a negative regulator of immunity, at least in part by inhibiting the PMK-1/p38MAPK 
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pathway. Consistent with this idea, we observed that dop-4(tm1392) animals had higher 

levels of active PMK-1 compared with wild-type animals (Figure 15A). The inhibition of 

the pmk-1 gene by RNAi also completely suppressed the enhanced resistance to P. 

aeruginosa of dop-4(tm1392) animals (Figure 16). Furthermore, PMK-1-dependent genes 

were upregulated in dop-4(tm1392) animals relative to wild-type animals in the absence 

or presence of an infection (Figure 17). The levels of pmk-1 mRNA in dop-4(tm1392) and 

wild-type animals were comparable (Figure 15B), indicating that DOP-4 controls the 

phosphorylation of PMK-1 rather than its expression.  

 

 

Figure 15: The level of active PMK-1/p38 is upregulated in dop-4 mutants. 

 (A) Western blot analysis of active PMK-1/p38 levels of wild-type, dop-4(ok1321), 
and dop-4(tm1392) animals. Image quantification was performed using ImageJ. All 
bars represent means ± SEM; *p < 0.05. (B) Expression level of pmk-1 gene in dop-
4(tm1392) compared with wild-type animals fed on P. aeruginosa PA14. p > 0.1.  
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To study the in vivo role of DOP-4 in the regulation of PMK-1, we took advantage 

of the screening strain AY101 and crossed it to dop-4(tm1392) animals to monitor 

whether the expression level of the PMK-1-dependent gene F35E12.5 was affected by the 

mutation of dop-4. At basal level (animals fed on E. coli OP50), we observed higher levels 

of GFP in dop-4(tm1392); pF35E12.5::gfp than in AY101 (pF35E12.5::gfp) animals (Figure 

18A). We also found that animals lacking dop-4 exhibited higher levels of GFP than 

control animals when infected with P. aeruginosa (Figure 18B), indicating that DOP-4 

functions as a negative regulator of immunity by inhibiting the expression of PMK-1-

dependent genes in the intestine. 

 

Figure 16: The RNAi knockdown of pmk-1 suppresses the enhanced resistance 
of dop-4(tm1392) animals. 

Wild-type and dop-4(tm1392) animals fed with E. coli strain HT115 carrying a vector 
control or expressing dsRNA targeting pmk-1 were exposed to P. aeruginosa PA14 
and scored for survival. dop-4(tm1392)+vector vs. dop-4(tm1392)+pmk-1 RNAi: p < 
0.0001, WT+pmk-1 RNAi vs. dop-4(tm1392)+pmk-1 RNAi: p > 0.1. 
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Figure 17: PMK-1-dependent genes are upregulated in dop-4(tm1932) animals. 

(A) Quantitative RT-PCR analysis of pmk-1-dependent genes in dop-4(tm1392) 
compared with wild-type animals fed on E. coli OP50. (B) Quantitative RT-PCR 
analysis of pmk-1-dependent genes in dop-4(tm1392) compared with wild-type 
animals fed on P. aeruginosa PA14. All bars represent means ± SEM; *p < 0.05. 

 

It has been shown that the C. elegans transcription factor SKN-1 is activated by 

PMK-1 in response to stress conditions. SKN-1 is orthologous to mammalian Nrf 

transcription factors and functions to activate the oxidative stress response during 

pathogen infections [74]. Consistent with the notion that SKN-1 functions downstream 

of PMK-1, we found that the RNAi knockdown of skn-1 also abolished the enhanced 
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resistance of dop-4(tm1392) animals (Figure 19A). In addition, genes controlled by SKN-1 

were upregulated in dop-4(tm1392) animals (Figure 19B), indicating that DOP-4 also 

controls the expression of stress-induced genes to affect immunity to pathogen 

infections. 

 

Figure 18: The fluorescence of pF35E12.5::gfp reporter in the intestine is 
upregulated in dop-4(tm1392) animals. 

Fluorescence images of wild-type and dop-4(tm1392) animals expressing 
pF35E12.5::gfp. Young adult animals were cultured on (A) E. coli OP50 or (B) P. 
aeruginosa PA14 and visualized using a Leica M165 FC fluorescence 
stereomicroscope. Scale bar, 0.5 mm. Fluorescence was quantified using ImageJ. All 
bars represent means ± SEM; *p < 0.05. 
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Figure 19: The SKN-1-dependent genes are required for the enhanced 
resistance of dop-4(tm1392) animals upon P. aeruginosa infection. 

(A) Wild-type and dop-4(tm1392) animals fed with E. coli strain HT115 carrying a 
control vector or expressing dsRNA targeting skn-1 were exposed to P. aeruginosa 
PA14 and scored for survival. dop-4(tm1392)+vector vs. dop-4(tm1392)+skn-1 RNAi: p 
< 0.001. (B) quantitative RT-PCR analysis of skn-1-dependent genes in dop-4(tm1392) 
compared with wild-type animals fed on E. coli OP50. All bars represent means ± 
SEM; *p < 0.05.  
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3.3 Discussion 

Previous studies have shown that dopamine signaling is involved in the 

enhanced resistance to EPEC induced by pre-exposure, and dopamine receptor DOP-3 

and PMK-1/p38 MAPK pathway are required in this immune “conditioning” [158]. 

Here, we showed that nematodes lacking a D1-like dopamine receptor, DOP-4, exhibit 

enhanced resistance to P. aeruginosa infection by reducing bacterial burden in the 

intestine. The dop-4(tm1392) animals did not show enhanced longevity, pathogen 

avoidance behavior, or pharyngeal pumping defects, suggesting that DOP-4 affects 

pathogen defense by controlling the immune response that involves the microbial killing 

mechanism. We further demonstrated that the pivotal immune response controlled by 

PMK-1/p38 MAPK pathway is upregulated in dop-4(tm1392) animals regardless of 

pathogen infections. Considering that DOP-4 is required for the immune modulation by 

drugs targeting dopamine signaling, these data strongly support the notion that DOP-4 

constitutively inhibits immune response in C. elegans upon binding to endogenous 

dopamine in vivo.    

In C. elegans, reactive oxygen species (ROS) are produced upon infection to 

combat the proliferation of pathogens in the intestine. It has been shown that SKN-1 is 

activated by the ROS generated by the dual oxidase BLI-3/ Duox1 upon pathogen 

infections. The elimination of ROS by SKN-1-regulated genes is required for the survival 

of C. elegans upon E. faecalis and P. aeruginosa infections [161]. Here, we found that the 
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detoxification genes controlled by SKN-1 are upregulated in dop-4(tm1392) animals, and 

the activity of SKN-1 is essential for the enhanced resistance conferred by the loss of 

DOP-4. The inhibition of both immune and detoxification genes by DOP-4 might be 

exploited by C. elegans to restrain the magnitude of immune response and protect the 

intestine from heightened protein synthesis during infection. Thus, immune homeostasis 

is reached by the proper and rapid activation of immune response to eliminate 

infections, as well as a tradeoff in the energy devoted to the production of immune 

effectors and the maintenance of normal physiological functions.  
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4. Identification of the neural circuit responsible for the 
DOP-4-mediated immune regulation 

4.1 Introduction 

In C. elegans, dopaminergic neurons were first identified by the characteristic 

fluorescence induced by formaldehyde [162]. There are eight dopaminergic neurons in 

hermaphrodites with an additional set of six dopaminergic neurons in males. The eight 

dopaminergic neurons in hermaphrodites are CEP (4), ADE (2), and PDE (2) neurons 

(Figure 20A). The cell bodies of the cephalic (CEP) neurons lie alongside the isthmus 

with dendrites projecting into the nose of the nematode, forming the cephalic sensilla 

with sheath cells and socket cells. The cilia of CEP neurons are embedded in the cuticle, 

which are responsible for mechanosensation and do not have direct contact with the 

environment. However, CEP neurons are directly exposed to pseudocoelomic body 

fluid, which enables the communication with other neurons or tissue through endocrine 

signaling molecules. In addition, CEP neurons also send out axons into the nerve ring 

where they form synapses with RIP neurons and get connected with the pharyngeal 

nervous system. The other two subsets of dopaminergic neurons are the anterior deirid 

(ADE) neurons, which are located posterior to the terminal bulb, and the posterior deirid 

(PDE) neurons, which reside near the gonad and have axons that extend both 

anteriorally and posteriorally along the ventral nerve cord. Like CEP neurons, the 

dendritic termini of ADE and PDE neurons are also embedded in the cuticle and 

surrounded by sheath cells and socket cells, which are categorized as glial cells in C. 
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elegans and serve to support and modulate neuronal functions [163]. These three subsets 

of dopaminergic neurons function synergistically to sense texture stimuli and regulate 

basal slowing behavior and local search behavior, because the ablation of all the 

dopaminergic neurons in C. elegans results in more severe behavioral defects than that 

caused by the ablation of each single neuron [126, 155].  

In addition to mechanosensation, C. elegans also detects volatile and water-

soluble cues by highly specialized organs known as amphid and phasmid, which 

comprise chemosensory neurons and supporting cells. The cilia of those chemosensory 

neurons are organized into bundles and through amphid/phasmid pore are directly 

exposed to the environment, from which chemicals and pheromones can be detected to 

control the behavioral response and modulate the physiology of the animal for better 

adaptation of changing conditions (Figure 20B). Consistent with the activity for signal 

sensing, a series of membrane receptors are expressed on the surface of those 

chemosensory neurons, including GPCRs, receptor guanylate cyclases, and cyclic 

nucleotide-gated channels. The diversification of receptors and corresponding signaling 

apparatus expressed in each type of neuron determines the sensory cues that can be 

perceived, as well as the signals that can be integrated by the neurons to initiate 

behavioral and developmental responses, such as chemotaxis, avoidance, aversive 

learning and dauer formation [164].  
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Figure 20: Dopaminergic neurons and amphid sensilla in C. elegans 

(A) The dopaminergic neurons in C. elegans. The three subsets of dopaminergic 
neurons CEP, ADE, and PDE are labeled with a fluorescent marker. (image taken by 
Dr. Aimee Kao) (B) The cilia of amphid chemosensory neurons. The cilia of the 
sensory neurons are clustered to form bundles and extended through the amphid 
opening. The socket and sheath cells form the supporting structure surrounding the 
endings of the cilia. (image from Wormatlas) 
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Here we examined the role of CEP neurons in modulating the immune response 

using single neuron ablation together with pharmacological and genetic studies. Our 

data highlighted the role of a neural circuit comprising dopaminergic CEP neurons and 

ASG sensory neurons in controlling the immunity of C. elegans. ASG chemosensory 

neurons have been shown to regulate chemotaxis, dauer formation, and life span [164, 

165]. The involvement of CEP and ASG neurons in immunity implies that the sensory 

nervous system is able to react to different environmental stimuli and orchestrate 

systemic responses to reach a competent living state.      

4.2 Results 

4.2.1 The ablation of dopaminergic CEP neurons confers enhanced 
resistance to bacterial infection 

It has been reported that dop-4 is expressed in a series of neurons, including ASG, 

AVL, and pharyngeal neurons, as well as in intestinal cells [159]. To identify the tissue in 

which DOP-4 functions to regulate immune responses, we employed nematode strains 

that were engineered to promote RNAi only in neural or intestinal cells. We observed 

that the inhibition of dop-4 in the nervous system, but not in the intestine, increased the 

resistance of the nematodes to P. aeruginosa infection (Figure 21), indicating that DOP-4 

functions in the nervous system to control immunity. As a first step to identify the 

specific dopaminergic neurons responsible for the observed immune regulation, we 

performed targeted killing of CEP neurons. We focused on these cells because they are 

the only dopaminergic neurons in C. elegans hermaphrodites that are exposed to the 
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pseudocoelomic body fluid, from which they can directly communicate through 

neuroendocrine signals with the cells or tissues involved in defense responses. 

Caspases are key enzymes involved in programmed cell death and pro-

inflammatory response. They are cysteine proteases and catalyze the cleavage of 

downstream factors at the C-terminal of an aspartic acid amino acid in order to induce 

cell death or inflammation [166]. The C. elegans caspase CED-3 comprises two subunits; 

after cleavage by an upstream protease, the released subunits constitute a functional 

entity to activate downstream factors. The killing of CEP neurons was achieved by 

expressing the two subunits of the C. elegans caspase CED-3 (p15 and p17) under the 

promoters of genes dat-1 and ace-1, respectively. Because the expression patterns of these 

two genes overlap solely in the four CEP neurons, only in these neurons could the two 

subunits of CED-3 form a functional module to induce programmed cell death. The 

ablation was conducted using strain BY250, in which all dopaminergic neurons are 

labeled with GFP. We observed that only CEP neurons, but not other dopaminergic 

neurons, were ablated, confirming the efficacy of this cell-specific killing approach 

(Figure 22A). We found that CEP(-) animals showed enhanced resistance to P. 

aeruginosa-mediated killing compared with control animals (Figure 22B). In addition, the 

lawn occupancy of wild-type and CEP(-) animals was comparable at different time 

points (Figure 22C), which indicated that the pathogen resistance of CEP(-) animals is 

not due to enhanced pathogen avoidance. These data suggest that CEP neurons 



 

69 

participate in immune modulation and that dopamine secreted from CEP neurons might 

induce the downstream immune inhibition.  

 

 

Figure 21: DOP-4 expressed in nervous system is required for the enhanced 
resistance of dop-4(tm1392) animals upon P. aeruginosa infection. 

(A) The neural-specific RNAi strain TU3401, or (B) The intestine-specific RNAi strain 
MGH171 E. coli strain HT115 carrying a control vector or expressing dsRNA 
targeting dop-4 were exposed to P. aeruginosa PA14 and scored for survival. 
TU3401+vector vs. TU3401+dop-4 RNAi: p < 0.01, MGH171+vector vs. MGH171+dop-
4 RNAi: p > 0.1. 
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Figure 22: The ablation of CEP neurons confers enhanced resistance to P. 
aeruginosa infection. 

(A) Fluorescence images showing the targeted ablation of CEP neurons. Scale bar, 
20 mm. (B) BY250 and BY250 CEP(-) animals were exposed to P. aeruginosa PA14 
and scored for survival. BY250 vs. BY250 CEP(-): p < 0.01. (C) Wild-type and CEP(-) 
animals were cultured on partial pathogen lawns, and the percentage of animals on 
the pathogen lawn was calculated for each time point. 

 

4.2.2 Dopaminergic CEP neurons control immunity through DOP-4 
expressed in ASG neurons 

We speculated that CEP neurons might control the immune response by 

releasing dopamine. In order to test this hypothesis, we asked whether the treatment of 

exogenous dopamine could suppress the enhanced resistance to P. aeruginosa infection 

of CEP(-) animals. Indeed, CEP(-) animals treated with dopamine exhibited 

susceptibility to P. aeruginosa-mediated killing similar to that of wild-type animals 
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(Figure 23A). No difference in the lawn occupancy of animals treated with dopamine 

was observed, indicating that the dopamine affects immunity without altering pathogen 

avoidance (Figure 23B). Taken together, we have shown here that upon pathogen 

infections, dopamine release of CEP neurons inhibits the immunity of C. elegans. 

To investigate whether the immune modulation by CEP neurons is mediated by 

the dopamine receptor DOP-4, we performed epistasis analysis and observed that the 

ablation of CEP neurons could not further increase the resistance to P. aeruginosa of dop-

4(tm1392) animals (Figure 24). The lack of synergism between the dop-4 mutation and 

CEP ablation suggests that dopamine released from CEP neurons might function 

through the dopamine receptor DOP-4 to inhibit downstream immune pathways. In 

support of this idea, we found that PMK-1-dependent genes were upregulated in CEP(-) 

animals (Figure 25). Therefore, we predicted that the expression of dop-4 in neurons 

downstream of CEP would suppress the enhanced resistance to P. aeruginosa of dop-

4(tm1392) animals. Because ASG neurons are the only DOP-4-expressing cells reported 

to have direct synaptic connectivity with CEP neurons, we tested whether dop-4 is 

required in these cells to modulate immunity. We found that single-neuron rescue of 

dop-4 in ASG neurons could at least partially suppress the enhanced resistance to P. 

aeruginosa-mediated killing of dop-4(tm1392) animals, indicating that DOP-4 functions in 

ASG neurons to control innate immune response in the intestine of C. elegans (Figure 26).    
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Figure 23: Dopamine suppresses the enhanced resistance conferred by the 
ablation of CEP neurons. 

(A) Wild-type, CEP(-), and CEP(-) animals treated with dopamine (DA) were 
exposed to P. aeruginosa PA14 and scored for survival. WT vs. CEP(-): p < 0.01, WT 
vs. CEP(-)+DA: p > 0.1. (B) Wild-type animals were cultured on partial pathogen 
lawns supplemented with S-Basal (control solvent) or dopamine, and the percentage 
of animals on the pathogen lawn was calculated for each time point. Identical 
concentrations of dopamine used in survival assay were applied. All bars represent 
means ± SEM. 
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Figure 24: No synergistic effect of survival exists between dop-4 mutation and 
ablation of CEP neurons. 

Wild-type, dop-4(tm1392), CEP(-), and dop-4(tm1392); CEP(-) animals were exposed 
to P. aeruginosa PA14 and scored for survival. WT vs. dop-4(tm1392); CEP(-): p < 0.001, 
dop-4(tm1392) vs. dop-4(tm1392); CEP(-): p > 0.1. 

 

 

Figure 25: PMK-1-dependent genes are upregulated in CEP(-) animals. 

Quantitative RT-PCR analysis of pmk-1-dependent genes in CEP(-) compared with 
wild-type animals. Bars represent means ± SEM; *p < 0.05. 
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Figure 26: Expressing DOP-4 in ASG neurons is able to rescue the enhanced 
resistance of dop-4(tm1392) animals. 

Wild-type, dop-4(tm1392), and dop-4(tm1392); Pgcy-15::dop-4(tm1392) animals were 
exposed to P. aeruginosa PA14 and scored for survival. dop-4(tm1392) vs. dop-
4(tm1392); Pgcy-15::dop-4(tm1392): p < 0.05. 

 

4.3 Discussion 

We have shown that the dopamine receptor DOP-4 regulates the innate immune 

response in C. elegans by controlling PMK-1/p38 MAPK pathway. Here, we 

demonstrated that DOP-4 functions in the nervous system to affect immunity and 

further dissected the role of a putative neural circuit involving dopaminergic CEP 

neurons and DOP-4-expressing ASG neurons in controlling the immune response 

against pathogen infections (Figure 27). The ablation of CEP neurons conferred a similar 

enhanced resistance to infection, as observed in the dop-4 mutant animals. In addition, 
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exogenous dopamine suppressed the enhanced resistance to pathogen infections caused 

by CEP ablation. However, the induction of the PMK-1-dependent genes in CEP(-) 

animals is less strong than that elicited by the lack of DOP-4, suggesting the contribution 

of other DOP-4-expressing neurons in immune modulation. This is also manifested by 

the fact that expressing DOP-4 in ASG neurons only achieves a partial rescue of the 

enhanced resistance of the dop-4(tm1392) mutant. Another explanation would be that 

CEP neurons may control other immune pathways, which contributes to the enhanced 

resistance phenotype of CEP(-) animals together with the PMK-1/p38 MAPK pathway.   

 

Figure 27: Proposed model of dopaminergic regulation of innate immunity. 

The dopamine secreted from CEP neurons activates the dopamine receptor DOP-4 
expressed in ASG neurons to suppress the PMK-1/p38 MAPK pathway in the 
intestine. The inhibition of immunity by DOP-4 receptor can be abolished by 
dopamine antagonist. 
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Our data support the idea that the innate immune response initiated in the 

intestine is modulated by neural interventions in C. elegans. The identification of this 

neural circuit and the demonstration that chemical inhibition of dopamine signaling in 

the nervous system can control immune pathways at the cell-non-autonomous level 

provide proof of concept for the use of neural interventions to control infections and 

conditions that involve aberrant immune functions.
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5. The neuronal basis of octopamine receptor OCTR-1 in 
regulating innate immune response 

5.1 Introduction 

Octopamine is an important neurotransmitter and hormone in many phyla of 

invertebrates, and it is synthesized from tyrosine through the intermediate product 

tyramine. Octopamine acts as the invertebrate equivalent of norepinephrine and has 

been implicated in regulating a series of physiological functions in insects, such as 

embryogenesis, aggregation (in fruit fly), locomotion (in locust), and energy control in 

the nervous system (in cockroach) [126].  

In C. elegans, octopamine has been shown to regulate serotonin-dependent 

aversive behavior to diluted octanol. It was found that the response of wild-type 

nematodes to diluted octanol is sensitized upon the availability of food or serotonin 

treatment, and sensitization can be reversed by adding octopamine [167]. Further 

studies suggested that an octopamine receptor, OCTR-1, functions in ASH sensory 

neurons to modulate aversive behavior to octanol, with its activity antagonized by 

another octopamine receptor SER-3 [168]. OCTR-1 is expressed in ASH, ASI, ADE, CEP 

and several other head and tail neurons, and recent findings in our laboratory indicate 

that OCTR-1 controls innate immunity in C. elegans by regulating both the microbial 

killing pathway and unfolded protein response. Specifically, we showed that the octr-

1(ok371) animals are resistant to bacterial infections and exhibited increased levels of 

effector genes of conserved innate immune pathways, such as the PMK-1/p38 MAPK 
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pathway and DAF-2/insulin pathway. In addition, OCTR-1 suppresses innate immune 

defense by downregulating CED-1-mediated non-canonical UPR and achieves the 

inhibition of XBP-1-dependent UPR at the young adult stage in C. elegans. Further 

studies revealed that the neural expression of octr-1 in ASH and ASI neurons alone are 

able to rescue the enhanced resistance phenotype of octr-1(ok371) mutant, suggesting 

that OCTR-1 expressed in these two sensory neurons might play a role in controlling the 

innate immune response in C. elegans [132, 169]. 

The following studies, which were initiated by the postdoctoral fellow Rie 

Kajino-Sakamoto in our laboratory, have highlighted the role of neuropeptide in 

regulating the innate immune response downstream of OCTR-1. In the previous 

microarray analysis for wild-type and octr-1(ok371) animals, we found that a 

neuropeptide gene, nlp-20, is up-regulated in the octr-1(ok371) mutant [132], and most 

importantly, the mutation of nlp-20 could completely suppress the enhanced resistance 

of octr-1(ok371) animals, suggesting that NLP-20 might be an immune factor negatively 

regulated by OCTR-1 upon pathogen infections (unpublished data). She then fused the 

promoter of nlp-20 with GFP and determined that nlp-20 is expressed in a series of head 

and tail neurons, including the sensory neurons ALN and PLN and the motor neurons 

RMF and RMH (unpublished data). With the data generated in these studies, we sought 

to elucidate the specific function of OCTR-1-expressing neurons and downstream 

players in regulating immune defense against pathogen infections.  
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5.2 Results 

5.2.1 ASH neurons inhibit the survival of C. elegans on bacterial 
pathogen 

The GPCR OCTR-1 functions in ASH and ASI sensory neurons to regulate the 

bactericidal response and UPR [107, 132]. In order to delve into the neuronal basis of 

OCTR-1-mediated immune regulation, we decided to investigate the role of each 

sensory neuron by performing single-neuron ablation. First, we used the strain PY7505, 

which was generated by expressing the two subunits of the C. elegans caspase CED-3 

(p15 and p17) under the promoters of the genes gpa-4 and gcy-27 together with GFP 

expression under the promotor of the gene gcy-27 to confirm loss of ASI. The ASI(-) 

strain showed constitutive entry into the dauer stage, consistent with the known 

function of ASI sensory neurons in regulating the decision of developmental fate [170]. 

However, some of the ASI(-) animals bypassed the dauer stage and grew into adults, 

allowing the examination of their survival upon pathogen infections [171]. Under 

normal conditions (partial lawn), we found that ASI(-) animals showed enhanced 

susceptibility to P. aeruginosa infection compared with wild-type animals, suggesting 

that ASI sensory neurons are required for bacterial defense in C. elegans (Figure 28A). In 

addition, the enhanced resistance of octr-1(ok371) animals was suppressed by the 

ablation of ASI neurons (Figure 28A). However, by using plates completely covered by 

bacteria (full lawn), we found that the survival of ASI(-) animals was comparable to that 

of wild-type animals (Figure 28B). Because the assay using full lawns eliminates the 
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contribution of avoidance behavior in resisting pathogen infections, the lack of 

susceptibility of ASI(-) animals indicates that ASI sensory neurons promote avoidance 

behavior upon pathogen infections. Consistent with this notion, we found that there is 

no significant difference between the resistance of octr-1(ok371) and ASI(-); octr-1(ok371) 

animals on full-lawn pathogen plates (Figure 28B). In order to directly assess whether 

ASI neurons are involved in the avoidance response to P. aeruginosa, we performed the 

lawn occupancy assay, in which we calculated the fraction of animals on the bacterial 

lawn after being placed on P. aeruginosa for 24 hours. It was found that both ASI(-) and 

ASI(-); octr-1(ok371) animals showed a higher percentage of lawn occupancy compared 

with wild-type animals, indicating that ASI neurons indeed promote pathogen 

avoidance in C. elegans (Figure 30A).  

Because the expression of OCTR-1 in ASI and ASH neurons confers immune 

suppression, and ASI neurons regulate pathogen avoidance [132], we then asked 

whether ASH neurons are involved in immune modulation in C. elegans. We used the 

strain with ASH neurons ablated by expressing the caspase CED-3 under the promoter 

of the gene sra-6. We found that the ASH(-) animals showed enhanced resistance on both 

partial and full lawns of P. aeruginosa (Figure 29), and no pathogen avoidance behavior 

of ASH(-) animals was observed in the lawn occupancy assay (Figure 30B). These data 

suggest that in contrast to ASI neurons, ASH neurons downregulate the immune 

response without affecting pathogen avoidance behavior in C. elegans. In addition, there 
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was no significance difference between the survival of octr-1(ok371) and ASH(-); octr-

1(ok371) animals, implying that ASH neurons are the main foci of OCTR-1 activity 

involved in the control of immune response (Figure 29). 

 

 

Figure 28: Animals lacking ASI neurons show reduced survival on partial but 
not full lawn of P. aeruginosa. 

Wild-type, octr-1(ok371), ASI(-) and ASI(-); octr-1(ok371) animals were exposed to (A) 
partial-lawn, (B) full-lawn P. aeruginosa PA14 and scored for survival. A, WT vs. 
ASI(-): p < 0.01, octr-1(ok371) vs. ASI(-); octr-1(ok371): p < 0.001; B, WT vs. ASI(-): p > 
0.1, octr-1(ok371) vs. ASI(-); octr-1(ok371): p > 0.1.   
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Figure 29: Animals lacking ASH neurons show enhanced resistance on both 
partial and full lawn of P. aeruginosa. 

Wild-type, octr-1(ok371), ASH(-) and ASH(-); octr-1(ok371) animals were exposed to 
(A) partial-lawn, (B) full-lawn P. aeruginosa PA14 and scored for survival. A, WT vs. 
ASH(-): p < 0.01, octr-1(ok371) vs. ASH(-); octr-1(ok371): p > 0.1; B, WT vs. ASH(-): p < 
0.01, octr-1(ok371) vs. ASH(-); octr-1(ok371): p > 0.1. 
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Figure 30: The ablation of ASI neurons abolishes pathogen avoidance. 

(A) Wild-type, octr-1(ok371), ASI(-) and ASI(-); octr-1(ok371) animals were cultured 
on partial pathogen lawns,  and the percentage of animals on the pathogen lawn was 
calculated after 24 hours. (B) Wild-type, octr-1(ok371), ASH(-) and ASH(-); octr-
1(ok371) animals were cultured on partial pathogen lawns,  and the percentage of 
animals on the pathogen lawn was calculated after 24 hours. All bars represent 
means ± SEM; *p < 0.05. 

 

5.2.2 The ablation of AIA interneurons suppresses the enhanced 
resistance of octr-1 mutants 

Previous results in our laboratory have implicated the involvement of the 

neuropeptide NLP-20 in mediating the immune response regulation by OCTR-1. In 

contrast to the enhanced resistance of octr-1(ok371) animals, it was found that nlp-

20(ok1591); octr-1(ok371) animals show comparable survival as wild-type animals when 

cultured on a P. aeruginosa lawn. The expression of nlp-20 was also restricted to a limited 

subset of neurons (ALN, PLN, RMF, and RMH neurons). By taking advantage of the 

existing neuronal diagram in C. elegans, we constructed a neural network incorporating 
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both OCTR-1-expressing neurons and NLP-20-expressing neurons (Figure 31). In the 

diagram, we found that AIA interneurons lie between these two subsets of neurons and 

might act as a functional link. In addition, AIA interneurons have been shown to be 

responsible for the integration of conflicting sensory cues and behavior choice [172]. We 

speculate that AIA neurons may function as an interneuron for transmitting immune 

regulatory signals originated from ASH neurons to downstream NLP-20 expressing 

neurons.  

 

 

Figure 31: Neuronal diagram linking OCTR-1-expressing neurons and NLP-20-
expressing neurons. 

OCTR-1-expressing neurons: ASH and ASI.  
NLP-20-expressing neurons: ALN, PLN, RMH, and RMF. 
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In order to test the hypothesis, we used an AIA-ablated strain provided by Dr. 

Takeshi Ishihara at Kyushu University, in which a hyperactive form of a DEG/ENaC 

sodium channel, MEC-4, is expressed under the promoter of the gene isoform gcy-28.d to 

induce degeneration in AIA neurons [172]. The efficacy of AIA ablation has been 

confirmed by its defect in response to the integrated stimuli of Cu2+ and diacetyl. We 

found that though AIA(-) showed comparable susceptibility to wild-type animals, the 

ablation of AIA neurons completely suppressed the enhanced resistance of octr-1(ok371) 

animals on both partial and full lawns (Figure 32A). Similarly, the survival rate of octr-

1(ok371) was also diminished on a full lawn of P. aeruginosa (Figure 32B). In addition, no 

significant pathogen avoidance was observed in AIA(-) and AIA(-); octr-1(ok371) animals 

(Figure 33). Taken together, these data suggest that AIA interneurons are key players in 

mediating OCTR-1-controlled immune response and might serve as a linker in the 

immune regulatory neural circuit containing ASH and NLP-20-expressing neurons. 
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Figure 32 The ablation of AIA neurons suppresses the enhanced resistance of 
octr-1(ok371) animals. 

Wild-type, octr-1(ok371), AIA(-) and AIA(-); octr-1(ok371) animals were exposed to 
(A) partial-lawn; (B) full-lawn P. aeruginosa PA14 and scored for survival. A, octr-
1(ok371) vs. AIA(-); octr-1(ok371): p < 0.01; B, octr-1(ok371) vs. AIA(-); octr-1(ok371): p 
< 0.01. 
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Figure 33: The ablation of AIA neurons does not elicit pathogen avoidance. 

Wild-type, octr-1(ok371), AIA(-) and AIA(-); octr-1(ok371) animals were cultured on 
partial pathogen lawns,  and the percentage of animals on the pathogen lawn was 
calculated after 24 hours. All bars represent means ± SEM. 

 

5.3 Discussion 

Here, we have shown that OCTR-1-expressing neurons, ASI and ASH have 

distinct functions in mediating response to P. aeruginosa. ASH neurons are known to 

regulate nociception, such as osmotic avoidance, chemical avoidance, and social feeding, 

whereas ASI controls dauer formation and chemotaxis [164]. It is likely that ASH and 

ASI function to coordinate behavior, development, energy consumption, and immunity 

in response to alert signals from pathogenic bacteria.  

On-going studies will elucidate the role of ASH and AIA neurons in regulating 

immune gene expression, as well as the specific NLP-20-expressing neurons that are 
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responsible for the connection between upstream neurons and sites of infection. Further 

studies are needed to unravel the neuronal and molecular mechanism underlying the 

ASI-mediated pathogen avoidance behavior. 
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6. Discussion 

6.1 Discussion of results 

The C. elegans model has been used in the study of host-pathogen interactions for 

decades and has provided valuable insights into the mechanisms underlying the 

activation and regulation of immune responses, as well as immune homeostasis upon 

pathogen infections [31, 173]. Recent results from our laboratory and other researchers 

have highlighted the significant contribution of the nervous system in eliciting defenses 

in response to microbial invasions, inducing pathogen avoidance behavior, and 

inhibiting excessive immune attacks that might be detrimental to host survival [52, 107, 

174]. This work was initiated by performing a chemical screen for immune activators 

that identified the novel function of molecules, such as the antibiotic colistin and 

dopamine antagonists, in regulating innate immune response to bacterial infections. We 

further investigated the immune regulatory functions of dopamine receptor DOP-4 and 

the dopaminergic neural circuit in controlling conserved innate immune pathways, 

presenting direct evidence that even the simple and primitive organism C. elegans 

deploys neuronal signaling machinery to modulate immune responses.  

  Colistin is a polymyxin antibiotic used in clinics for treating multidrug-resistant 

bacterial infections. The finding that colistin is able to activate the conserved PMK-1/p38 

MAPK pathway implies potential for using specific antibiotics to improve the long-term 

outcome of patients with chronic infectious diseases. Although intestine-specific 
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knockdown of pmk-1 abolished the colistin-induced pathogen resistance, we do not 

know the exact cells or tissues with which colistin directly interacts. The twenty 

intestinal cells could be the potential targets, where colistin binds to membrane 

receptors to modulate downstream immune pathways. Colistin is a cyclic polypeptide, 

which shares a similar chemical structure with neuropeptides and peptide hormones. 

There are a number of putative GPCRs expressed in the intestine of C. elegans, which 

might function as neuropeptide receptors and recognize colistin as a ligand [175]. In 

addition, it has been shown that exotoxins of P. aeruginosa can be endocytosed into the 

cytoplasm to suppress key cellular processes [94]. We cannot exclude the possibility that 

the colistin exerts the immunomodulatory effect after its presence in the cytoplasm. The 

detoxification genes of C. elegans have the potential to modify small-molecule toxins 

from bacteria, adding doubts on the final functional form of colistin, which executes the 

immune modulation in the intestine [176]. We did not evaluate the potential effect of 

colistin’s neurotoxicity on the morphology and/or function of neurons in C. elegans; such 

neurotoxicity could also impact the innate immune response. 

The observation that dopamine antagonists could induce the GFP expression in 

the immune reporter strain (AY101) led us to examine the immune regulatory function 

of dopamine signaling. Chlorpromazine is a famous drug for curing psychotic disorders, 

such as depression, and it has high binding affinity to both D1-like and D2-like 

dopamine receptors in humans. In addition, chlorpromazine also acts on serotonin and 
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histamine receptors. Despite its broad pharmacological affinity, we found that 

chlorpromazine could not further increase the resistance to pathogen infection of dop-

4(tm1392) animals, an effect that is not observed in other dopamine receptor mutants. 

We also examined the protein level of active PMK-1 and PMK-1-dependent genes upon 

chlorpromazine treatment to verify that it indeed targets dopamine signaling in order to 

modulate the innate immune pathway rather than mounting a general stress response. 

Further experiments demonstrated that the susceptibility induced by dopamine was 

eradicated by the loss of DOP-4 dopamine receptor. These data revealed the specificity 

of chlorpromazine and dopamine, as well as the unique role of dopamine receptor DOP-

4 in regulating innate immune response.  

Dopamine signaling was known to modulate locomotion in response to different 

environmental conditions [126]. However, with dopamine, dopamine antagonist or dop-

4 mutation, no behavioral change was observed that correlates with the survival 

phenotypes of nematodes on a pathogen lawn. This indicates that a discrete allocation of 

physiological functions exists among dopamine receptors, in which the normal food 

searching behavior and defenses against pathogens are coordinated by different 

components.  

 By performing the neuron ablation assay, we identified several neurons that are 

involved in immune control in C. elegans. The ablation of CEP neurons confers enhanced 

resistance to P. aeruginosa infection, which could be rescued by adding back dopamine. 
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We further showed the upregulation of PMK-1-depedent genes in CEP(-) animals and 

no synergistic effect between dop-4 mutation and CEP ablation. Finally, the rescue of dop-

4(tm1392) mutants by expressing DOP-4 in ASG neurons established the model of CEP-

ASG neuron pairs in controlling innate immunity in C. elegans.  

 

Figure 34: Putative neuronal network controlling pathogen avoidance and 
innate immunity in C. elegans. 

Pathogenic bacteria can be detected by ASJ neurons, which activate the downstream 
RIC/RIM neurons through a canonical TGF-β pathway to promote pathogen 
avoidance. Other sensory neurons may also contribute to pathogen detection. OCTR-
1-expressing neuron, ASH controls innate immunity through downstream AIA 
interneurons, which link to NLP-20 expressing neurons (ALN, PLN, RMF, and 
RMH). Another OCTR-1-expressing neuron, ASI is also responsible for pathogen 
avoidance. CEP and ASG neurons are downstream of ASJ neurons and regulate 
innate immunity.     
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Chemosensory neurons elicit responses to environmental cues by either inducing 

behavior or transducing signals to modulate the physiological processes in the organism 

[164]. Facing the dilemma of starvation and infection, C. elegans employs chemosensory 

neurons to cope with the ever-changing “bacterial niche”, which usually contains both 

pathogenic and non-pathogenic microbes. Our findings suggest that the OCTR-1-

expressing neurons, ASI and ASH control pathogen avoidance and the innate immune 

response, respectively. The AIA interneurons appear to be a linker between ASH and 

NLP-20-expressing neurons. The fact that AIA neurons also participate in the behavioral 

choice to attractants again reflects the complex and intrinsic nature of the neuronal 

functions in C. elegans.  

Chemosensory ASJ neurons are able to respond to the secondary metabolites of 

P. aeruginosa and detect the existence of pathogenic bacteria to induce avoidance 

behavior [61]. However, it is still unknown whether the detection of pathogen by ASJ 

neurons elicits the neuronal regulation of immune responses and whether there are 

additional neurons that can respond to P. aeruginosa and/or other different bacterial 

species. In the neuronal diagram shown in Figure 34, we found that CEP neurons are 

connected to the bacteria-sensing ASJ neurons through ASK sensory neurons. Because 

the cilia of CEP neurons are buried in the inner part of the collagenous cuticle, it is 

possible that CEP neurons acquire sensory inputs indirectly from ASJ and ASK neurons 

and release dopamine to modulate the immune response. It is also possible that would 
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be that signaling molecules secreted from other neurons or even the intestine are 

transmitted through pseudocoelomic fluid to affect the activity of CEP neurons. 

Interestingly, we noticed that the cilia of the sensory neurons known to regulate 

pathogen avoidance seem to locate in a different niche from those of the neurons 

regulating immune responses. The dendritic cilia of ASJ and ASI neurons are in the 

same bundle, whereas the cilia of ASH and ASG neurons are in another one (Figure 

20B). Whether this is just coincidence or has any functional implication is unknown. 

6.2 Future directions 

In this work, we showed that dopamine receptor DOP-4 and a dopaminergic 

neural circuit regulate the innate immune response by controlling the conserved PMK-

1/p38 MAPK pathway. As mentioned in Section 6.1, the upstream origin of the signal is 

unknown. Future efforts would focus on investigating the molecules and neurons that 

act on CEP neurons to modulate immunity in C. elegans. In addition, further studies are 

necessary to elucidate the molecular events taking place in the CEP neurons upon 

pathogen infections, as well as the signaling components that are responsible for 

dopamine release. It is also intriguing to identify the intestinal signaling molecules, such 

as G proteins that are required for the enhanced resistance of dop-4 mutants. 

Our work also determined the single neurons where OCTR-1-dependent 

signaling functions to control immune response in C. elegans. Further studies are 

necessary to evaluate the level of immune gene expression in ASH(-) and AIA(-) 
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animals, particularly the PMK-1-dependent genes and UPR genes, which are known to 

be controlled by OCTR-1. Although we have figured out that some neural genes and 

neurons are required for immune control in C. elegans, how the signal is transduced from 

the nervous system to the site of infection remains elusive. The fact that neuropeptides 

are downstream of OCTR-1 and controls the immune response propels us to start 

identifying their receptors and target tissues. Neuropeptides are stored in dense core 

vesicles in the presynaptic terminal and act as long-term neuromodulators to affect 

neuronal functions [177]. Whether the neuropeptide downstream of OCTR-1 is secreted 

and directly binds to the receptors expressed on the intestinal cells or signals to other 

neurons is unknown.  

 Twenty years after the establishment of C. elegans as a model host, one key 

question in the field has not been well answered: what is the receptor for recognizing 

infections? PRRs, such as TLR and NLR, have been found and investigated extensively 

in fruit flies, mice, and humans. However, no PRR has been found in C. elegans that has 

high affinity to typical PAMPs and is able to transduce signals to activate an immune 

response. In addition, little is known about the receptors used by the chemosensory 

neurons, such as ASJ, to detect the existence of pathogenic bacteria. The difficulty of 

identifying PRR in C. elegans could be due to several reasons. First, the survival on a 

pathogen is a phenotype that requires a homogeneous population to quantify, impeding 

the fast identification of desired mutants. Second, the immune markers used in C. elegans 
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usually have low penetrance, which make it impossible to perform an efficient forward 

genetic screen. Third, in primitive organisms like C. elegans, the genes encoding immune 

components might have other key physiological functions, so that mutations of these 

genes might be lethal and thus unidentifiable through conventional genetic techniques. 

For instance, the GATA transcription factor ELT-2 is essential for immunity and the 

development of intestine, and the loss of elt-2 is completely lethal [101-103, 178]. In 

addition, it is interesting to notice that despite their distinct functions, the immune and 

nervous systems have common basic molecular signaling components at the cellular 

level. For example, the PMK-1/p38 MAPK pathway is employed by sensory neurons to 

determine the expression of olfactory receptors [179]. The transcription factor CEBP-1 

functions downstream of DLK-1 (MAPKKK) to control synapse formation and axon 

regeneration but also regulates immune surveillance in the intestine [180, 181]. Thus, the 

putative diverse functions of immune factors add more obstacles to the identification of 

PRR in C. elegans. Similar to other genetic screens, the redundancy of different immune 

pathways also significantly reduced the possibility of identifying components in minor 

immune pathways. 

More work and new methodologies are needed to overcome these limitations. 

Developing strains carrying better immune markers that have high penetrance would 

greatly accelerate the identification of not only PRR but also new components in known 

pathways. Reverse genetic screening is an option to avoid the problem of penetrance, in 
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which phenotypes are assessed by using a group of animals rather than picking single 

mutants. Assays evaluating protein-protein interactions could also be used to discover 

new membrane proteins that associate with known immune factors and yield insights 

into the activation of the immune response. In order to identify receptors recognizing 

pathogenic bacteria, we can perform forward genetic screens to identify mutations that 

abolish pathogen avoidance of C. elegans. Alternatively, we can also employ the marker 

of pathogen sensation, such as Pdaf-7::gfp, to achieve a suppressor screen in order to 

obtain mutants that cannot detect pathogen existence (i.e., no induction of Pdaf-7::gfp in 

ASJ neurons on P. aeruginosa). Recent studies using this strategy identified a lithium-

sensitive phosphatase BPNT-1, which is essential for the functions of ASJ neurons [182]. 

   In this study, we for the first time identified a dopaminergic neural circuit that 

regulates the innate immune response and provided the neuronal basis of immune 

control in C. elegans. Our findings indicate that the biogenic amine system is a potential 

therapeutic target for not only infectious diseases but also a range of conditions that 

arise as a consequence of malfunctioning immune responses. Future work will disclose 

whether the principles we obtained from C. elegans neuroimmunology is evolutionarily 

conserved in other organisms. 

6.3 Concluding remarks 

Using C. elegans as a model host, we were able to perform a whole-animal 

chemical screen and identified molecules capable of activating the immune response. 
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The chemical screen led to the discovery that dopamine antagonists enhance host 

resistance against bacterial infections. We showed that dopamine signaling controls the 

innate immune response through a D1-like dopamine receptor, DOP-4, and the immune 

inhibitory function of dopamine originates in CEP neurons and requires active DOP-4 in 

downstream ASG neurons. In addition, we also identified neurons that are involved in 

OCTR-1-mediated immune regulation. Taken together, our work establishes the 

neuronal basis of innate immune regulation in C. elegans and provides proof of concept 

for the use of neural interventions to control infections and the immune system. 
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7. Materials and Methods 

7.1 Bacterial strains 

The following bacterial strains were used: Escherichia coli strain OP50-1 [SmR] [4], 

Yersinia pestis strain KIM5 [183], Pseudomonas aeruginosa strain PA14 [39] and P. 

aeruginosa strain PA14-GFP [AmpR, KanR] [39]. Bacterial cultures were grown overnight 

in 4 ml of Luria-Bertani (LB) broth at 37°C except for Y. pestis KIM5, which was grown 

for 24 hours at room temperature (~22.5°C). 

7.2 Nematode strains 

C. elegans strains were cultured and maintained using standard conditions as 

previously described. Bristol N2 was used as the wild-type control unless otherwise 

indicated [4]. Strains LX645 dop-1(vs100), LX702 dop-2(vs105), LX703 dop-3(vs106), FG58 

dop-4(tm1392), RB1254 dop-4(ok1321), VC224 octr-1(ok371), KU25 pmk-1(km25), CF1038 

daf-16(mu86), AY101 acIs101[pF35E12.5::gfp, rol-6(su1006)] [138] and TU3401 sid-

1(pk3321); uIs69[Pmyo-2::mCherry, Punc-119::sid-1] were obtained from the 

Caenorhabditis Genetics Center (University of Minnesota, Minneapolis, MN). Strain 

BY250 vtIs7[Pdat-1::gfp] was obtained from Joel Meyer (Duke University, Durham, NC). 

MGH171 sid-1(qt9); Is[Pvha-6::sid-1::SL2::gfp] was provided by Gary Ruvkun 

(Massachusetts General Hospital, Harvard Medical School, Boston, MA). DA465 eat-

2(ad465) was provided by Ryan Baugh (Duke University, Durham, NC). ASH-ablated 

strain KP7442 npr-1(ky13); nuEx1684[Psra-6::ced-3::gfp, Psra-6::mCherry, Pvha-6::mCherry] 
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was provided by Joshua Kaplan (Harvard Medical School, Boston, MA) and the strain 

was crossed with N2 to lose npr-1 mutation [184]. AIA-ablated strain qjEx[Pgcy-28.d::gfp]; 

Ex[Pgcy-28.d::mec-4(d), Plin-44::gfp] was provided by Takeshi Ishihara (Kyushu 

University, Fukuoka, Japan) [172]. ASI-ablated strain PY7505 Is[Pgpa-4/Pgcy-

27::recCaspases, Pgcy-27::gfp] was maintained by Dr. Argenia Doss [171]. 

7.3 Plasmid constructs and generation of transgenic lines 

7.3.1 Plasmid constructs 

Plasmids pXC1 (pPD95.77_ ced-3(p15)::NZ) and pXC2 (pPD95.77_ CZ::ced-3(p17)) 

were constructed by cloning reconstituted caspases into the BamHI and EcoRI sites of the 

pPD95.77 vector (Fire Lab C. elegans Vector Kit; Addgene, Cambridge, MA) to replace 

the GFP coding sequence. The templates used were plasmids TU806 (pPD95.75_Pmec-

18::ced-3(p15)::NZ) and TU807 (pPD95.75_Pmec-18::CZ::ced-3(p17)) (Addgene, 

Cambridge, MA) [185]. Plasmid pXC3 was constructed by inserting 979 bp of the ace-1 

promoter sequence upstream of ced-3(p15)::NZ and plasmid pXC4 was constructed by 

inserting 700 bp of the dat-1 promoter sequence upstream of CZ::ced-3(p17). To avoid 

creating fusion proteins, plasmid pRK1 (pPD95.77_SL2::gfp) was used, in which an 

intercistronic sequence between gpd-2 and gpd-3 was cloned and inserted into the 

pPD95.77 vector at a KpnI site in front of the GFP coding sequence (Dr. Rie Kajino 

Sakamoto, unpublished work). A 3.4-kb genomic fragment containing the dop-4 gene 

was cloned into the PstI and BamHI sites of the pRK1 vector, forming the dop-4::SL2::gfp 
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fusion. Plasmid pXC5 was constructed by inserting 691 bp of the gcy-15 promoter 

sequence upstream of the dop-4 sequence.  

7.3.2 Transgenic lines 

CEP(-) strain AY114 vtIs7[Pdat-1::gfp]; acEx[Pdat-1::ced-3(p17), Pace-1::ced-3(p15), 

Punc-122::gfp] was created by injecting 25 ng/µl of plasmids pXC3 and pXC4, together 

with 50 ng/µl of the co-injection marker Punc-122::gfp into strain BY250.  

ASG rescue strain AY115 dop-4(tm1392); acEx[Pgcy-15::dop-4::SL2::gfp] was 

created by injecting 50 ng/µl of plasmid pXC5.  

Strain AY116 dop-4(tm1392); acIs101[pF35E12.5::gfp, rol-6(su1006)], strain dop-

4(tm1392); vtIs7[Pdat-1::gfp]; acEx[Pdat-1::ced-3(p17), Pace-1::ced-3(p15), Punc-122::gfp], 

strain octr-1(ok371); nuEx1684[Psra-6::ced-3::gfp, Psra-6::mCherry, Pvha-6::mCherry], strain 

octr-1(ok371); Is[Pgpa-4/Pgcy-27::recCaspases, Pgcy-27::gfp], and strain octr-1(ok371); 

Ex[Pgcy-28.d::gfp]; Ex[Pgcy-28.d::mec-4(d), Plin-44::gfp] were created using standard 

genetic crossing. 

7.4 Chemical screen for immune activators 

The Prestwick Chemical Library® that comprises 1,120 small molecules was used. 

More than 95% of its compounds are marketed drugs (all off patent). Eggs from C. 

elegans strain AY101 were extracted from gravid adults and cultured in S-basal medium 

(5.8 g NaCl, 50 ml 1-M KPO4 [pH 6.0], and 1 ml 5-mg/ml cholesterol per liter) for 22 

hours. L1 larval animals were transferred to NGM plates seeded with E. coli OP50 and 
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grown at room temperature (~22.5°C) until they reached the L4 larval stage. L4 animals 

were transferred into 96-well plates containing different drugs in S-basal medium and 

screened for enhanced GFP fluorescence after 24 hours at room temperature. The 

chemicals were diluted in S-basal to 1:10. Each well contained 87 µl of S-basal (about 20 

animals), 3 µl of E. coli OP50, and 10 µl of each compound (final concentration, 20 

µg/ml). E. coli OP50 was replaced by Y. pestis KIM5 as a positive control. 

7.5 Prophylactic treatment with colistin 

Animals were synchronized by hypochlorite treatment. Arrested L1 animals 

were placed on 6-cm NGM plates seeded with E. coli OP50 and grown at room 

temperature (22.5°C) until late L4 larval stage. Animals were collected after a wash with 

M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, and 1 ml 1-M MgSO4 per liter) and 

subsequently kept at room temperature (~22.5°C) in 9 ml of liquid S-basal medium with 

or without 20 µg/ml colistin (Sigma-Aldrich, St. Louis, MO) and supplemented with 300 

µl of heat-killed E. coli OP50. Twenty-four hours later, the animals were harvested for 

following experiments. Colistin was dissolved in water to a 20-mg/ml stock 

concentration. Subsequent dilutions were performed using S-basal medium. 

7.6 C. elegans killing assay 

7.6.1 Standard 

The bacterial lawns used for the C. elegans killing assays were prepared by 

placing 20 µl of the bacterial culture on modified NGM agar medium (0.35% instead of 
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0.25% peptone) in 3.5-cm-diameter plates. The plates were incubated overnight at 37°C 

(24 hours at 25°C for Y. pestis) and cooled down to room temperature for at least 1 hour 

before seeded with animals. Animals were synchronized by placing gravid adults on 

NGM plates containing E. coli OP50 for 3 hours at 25°C. The gravid adults were 

removed, leaving the eggs to hatch and develop at 20°C. Synchronized young adult C. 

elegans hermaphrodites were transferred to modified NGM plates containing bacterial 

lawns and incubated at 25°C. Animals were scored at the indicated times for survival 

and transferred to fresh pathogen lawns each day. Animals were considered dead when 

they failed to respond to touch and no pharyngeal pumping was observed. Each 

experiment was performed in triplicate. N=60 animals. 

7.6.2 Full lawn 

Full-lawn plates were prepared by spreading 30 µl of the bacterial culture on the 

complete surface of modified NGM agar medium in 3.5-cm-diameter plates.  

7.6.3 Drug treatment 

Bacterial lawns were grown as described above. For drug treatment, 50 µl of 0.5 

mM chlorpromazine hydrochloride or 1 mM dopamine hydrochloride (Sigma-Aldrich, 

St. Louis, MO) was placed on the bacterial lawn in each plate and equilibrated for 

absorption for 1 hour at room temperature (22.5°C). S-Basal medium was used as the 

solvent and in the control plates. 
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7.7 C. elegans longevity assay 

Bacterial cultures were grown as described above. The cultures were 

concentrated at a 1:10 ratio and heat-killed at 100°C for 1 hour. Next, the cultures were 

placed on LB plates to confirm the killing effect. A 50-µl drop of the heat-killed bacteria 

was placed on a 3.5-cm plate of modified NGM agar medium containing 100 µg/ml 

ampicillin. Synchronized one-day old adult C. elegans hermaphrodites were transferred 

to the plates and incubated at 25°C. Animals were scored at the indicated times for 

survival, and live animals were transferred to fresh plates if needed. Animals dead due 

to matricide were removed before analysis. 

7.8 RNA interference 

RNA interference (RNAi) was used to generate loss-of-function phenotypes by 

feeding nematodes with E. coli strain HT115(DE3) expressing double-stranded RNA 

(dsRNA) homologous to a target gene. E. coli HT115(DE3) was grown overnight in LB 

broth containing ampicillin (100 µg/ml) at 37°C and spread onto NGM plates containing 

100 µg/ml ampicillin and 5 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG). RNAi-

expressing bacteria were allowed to grow overnight at 37°C. L2 to L3 larval stage 

animals were placed on RNAi or vector control plates for 2 days at 20°C. Gravid adults 

were then transferred to fresh RNAi-expressing bacterial lawns and allowed to lay eggs 

for 2 hours to synchronize a second-generation RNAi population. The gravid adults 

were removed, and the eggs were allowed to develop at 20°C to reach the young adult 
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stage for experimental use. Because knocking down skn-1 causes a maternal-lethal effect 

to the progeny, skn-1 RNAi was initiated at the L1 stage, and performed by placing 

synchronized L1 animals on RNAi plates for one generation. In all experiments, unc-22 

RNAi was included as a positive control to account for the RNAi efficiency. 

7.9 Feeding behavior assays 

7.9.1 Bacterial lawn avoidance assay 

Bacterial lawns were prepared as described above. Twenty young adult animals 

were placed in the center of each bacterial lawn. The plates were incubated at 25°C, and 

the number of animals within the lawn were counted at each time point. The avoidance 

for each strain is quantified by the faction of animals on the bacterial lawn. 

7.9.2 Pharyngeal pumping assay 

Bacterial lawns were prepared as described above. Young adult animals were 

transferred to bacterial lawns, and the plates were incubated at 25°C. At the indicated 

time points, the number of contractions of the terminal bulb was counted over 30 

seconds and 2 minutes. A contraction was defined as the backward movement of the 

grinder in the terminal bulb of the pharynx. The pumping rates for ten nematodes were 

recorded for each strain. 

7.9.3 Fluorescent bead assay 

The assay was performed by feeding synchronized animals with 0.2-µm 

fluorescent polystyrene beads (Phosphorex, Inc., Hopkinton, MA). P. aeruginosa PA14 
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cultures were mixed with the fluorescent beads at a 25:1 dilution and 50 µl of the 

mixture were placed onto the plate and incubated at 37°C overnight. Young adult 

animals were transferred to the plate and incubated at 25°C for 30 minutes. After that, 

live worms were mounted onto agar pads with 30 mM sodium azide and visualized 

using a Leica M165 FC fluorescence stereomicroscope. The area containing the 

fluorescent beads was analyzed using ImageJ software. 

7.10 Evaluation of bacterial burden in intestine 

7.10.1 Visualization of intestinal bacterial accumulation 

The P. aeruginosa PA14-GFP culture was grown as described above. The bacterial 

lawns were prepared by placing 100 µl of the culture on modified NGM agar medium in 

6-cm diameter plates. Synchronized young adult C. elegans were transferred to the plates 

and incubated at 25°C for 30 hours. Animals were transferred to an NGM plate seeded 

with E. coli OP50 and then washed in M9 buffer to eliminate the fluorescent bacteria 

stuck to the cuticle. The animals were mounted onto agar pads with 30 mM sodium 

azide and visualized using a Leica M165 FC fluorescence stereomicroscope. 

7.10.2 Quantification of intestinal bacterial loads 

 The quantification of colony forming units (CFU) was performed by feeding 

synchronized C. elegans with P. aeruginosa PA14-GFP as described above. Animals were 

transferred to an NGM plate seeded with E. coli OP50 for 20 minutes to eliminate the 

fluorescent bacteria stuck to the cuticle. Animals were then transferred to a new NGM 
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plate seeded with E. coli OP50 for 30 minutes to further eliminate the remaining 

fluorescent bacteria. Ten nematodes per strain were transferred into 50 µl of phosphate-

buffered saline (PBS) plus 0.1% Triton X-100 and ground with sterilized plastic sticks. 

Serial dilutions of the lysates (10-1, 10-2, 10-3, 10-4) were spread onto LB plates containing 

kanamycin (50 µg/ml) and incubated overnight at 37°C to select for P. aeruginosa PA14-

GFP colonies.  

7.11 Western blot analysis 

Whole-worm lysates were prepared in the presence of protease and phosphatase 

inhibitors (Thermo Scientific, Waltham, MA). Phosphorylated PMK-1 protein was 

detected using an anti-active p38 polyclonal antibody from rabbit (Promega, Fitchburg, 

WI) and β-actin was detected using a monoclonal anti-actin antibody from mouse 

(Sigma-Aldrich, St. Louis, MO). Blots were developed using SuperSignal 

chemiluminescence substrate (Thermo Scientific, Waltham, MA). 

7.12 RNA isolation and quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) 

Synchronized L1 larval animals were placed on NGM plates seeded with E. coli 

OP50 and grown at 20°C until the animals reached the L4 larval stage. Animals were 

collected and washed with M9 buffer before being transferred to modified NGM plates 

containing E. coli OP50 or P. aeruginosa PA14 for 4 hours at 25°C. Animals were washed 

off the plates with M9 and frozen in TRIzol (Life Technologies, Carlsbad, CA). Total 
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RNA was extracted using the RNeasy Plus Universal Kit (Qiagen, Netherlands). 

Residual genomic DNA was removed using TURBO DNase (Life Technologies, 

Carlsbad, CA). A total of 2 μl of total RNA was reverse transcribed with random primers 

using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster 

City, CA). qRT-PCR was conducted using Power SYBR PCR Master Mix (Applied 

Biosystems, Foster City, CA) on an Applied Biosystems 7900HT real-time PCR machine 

in 96-well plate format. The relative fold-changes of the transcripts were calculated 

using the comparative CT (2-∆∆CT) method and normalized to pan-actin. All experiments 

were performed in triplicate. Primer sequences are available upon request. 

7.13 Statistical analyses 

Survival curves were plotted using GraphPad Prism 6 (GraphPad Software, La 

Jolla, CA). Survival curves were considered different from the control when p-values 

were < 0.05. The Kaplan-Meier method was used to calculate the survival fractions, and 

statistical significance between survival curves was determined using the log-rank test. 

The two-sample Student's t-test was used when needed, and p-values < 0.05 were 

considered statistically significant. All experiments were done in triplicate. Each 

comparison was performed with the corresponding control individually. 
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