
 

 

Optogenetic, behavioral and molecular analysis of neuronal networks  

regulating locomotion in Caenorhabditis elegans 

 

 

Dissertation 

zur Erlangung des Doktorgrades 

der Naturwissenschaften 

 

vorgelegt beim Fachbereich Biochemie, Chemie und Pharmazie  

der Johann Wolfgang Goethe-Universität 

in Frankfurt am Main 

 

 

Von Alexandra Sofia Oranth 

aus Freiburg im Breisgau 

 

Frankfurt am Main, 2019 

 (D 30) 

 

 

 

 

 

 

 



 

 

 

Vom Fachbereich Biochemie, Chemie und Pharmazie der 

Johann Wolfgang Goethe-Universität als Dissertation angenommen. 

 

 

 

 

 

Dekan: Prof. Dr. Clemens Glaubitz 

Gutachter: Prof. Dr. Alexander Gottschalk; Prof. Dr. Eric Geertsma 

Datum der Disputation: 27.11.2019 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Eidesstattliche Erklärung 

 

Ich erkläre hiermit, dass ich die vorgelegte Dissertation mit dem Titel “Optogenetic, behavioral and 

molecular analysis of neuronal networks regulating locomotion in Caenorhabditis elegans“ 

selbstständig angefertigt und mich anderer Hilfsmittel als der in der angegebenen Arbeit nicht bedient 

habe, insbesondere, dass alle Entlehnungen aus anderen Schriften mit Angabe der betreffenden Schrift 

gekennzeichnet sind.  

Ich erkläre hiermit, dass ich mich bisher keiner Doktorprüfung im mathematisch-

naturwissenschaftlichen Bereich unterzogen habe.  

 

Frankfurt am Main, den 15.08.2019 

 

 

 

(Alexandra Sofia Oranth) 

 

 

 

 

 

 

 

 

 

 

  

 

 



Table of Contents 

I 

 

Table of Contents 

 

1 SUMMARY .......................................................................................................................... VII 

2 ZUSAMMENFASSUNG ........................................................................................................... X 

3 INTRODUCTION .................................................................................................................... 1 

3.1 Caenorhabditis elegans, a model organism to study neuronal circuits ............................. 1 

3.1.1 Characteristics of the C. elegans anatomy and life cycle ................................................ 2 

3.1.2 Anatomy of the C. elegans nervous system and neuronal morphology ......................... 4 

3.2 Neurons are divided into functional classes within distinct neuronal circuits ................... 6 

3.2.1 Sensory neurons perceive environmental cues .............................................................. 6 

3.2.2 Interneurons integrate and process sensory information .............................................. 8 

3.2.3 Motoneurons innervate muscle cells to regulate locomotion ........................................ 9 

3.2.3.1 Locomotion strategies in C. elegans .......................................................................... 12 

3.3 Neuronal signal transduction in C. elegans ................................................................... 14 

3.3.1 Mechanism of neurotransmitter signaling at the chemical synapses ........................... 15 

3.3.1.1 Regulation of synaptic vesicle exocytosis .................................................................. 16 

3.3.1.2 Regulation of synaptic vesicle endocytosis and recycling ......................................... 18 

3.3.2 Neuropeptide signaling ................................................................................................. 20 

3.3.2.1 Neuropeptide families and their diversity ................................................................ 22 

3.3.3 G-protein coupled-receptors (GPCRs) ........................................................................... 24 

3.3.4 Electrical synapses ......................................................................................................... 26 

3.4 Mechanism of food mediated behavior in C. elegans .................................................... 28 

3.4.1 Chemo- and mechanosensory neurons involved in food recognition .......................... 29 

3.4.2 Monoamines involved in the regulation of food related behavior ............................... 33 

3.4.2.1 Dopamine signaling ................................................................................................... 34 

3.4.3 The interneuron DVA regulates local-search behavior via neuropeptide signaling ...... 36 

3.5 Optogenetic applications to investigate neuronal networks .......................................... 38 

3.5.1 Microbial rhodopsins ..................................................................................................... 39 



Table of Contents 

II 

 

3.5.1.1 The light-gated ion channel Channelrhodopsin (ChR) .............................................. 40 

3.5.1.2 Light-driven ion and proton pumps ........................................................................... 43 

3.5.2 Other engineered photoactive proteins........................................................................ 47 

3.5.2.1 Improved ChR variants for neuronal activation and silencing .................................. 47 

3.5.2.2 Photoactive proteins that target intracellular processes .......................................... 49 

3.5.2.3 Photoactive proteins that monitor neuronal activity and membrane voltage ......... 50 

3.6 Aim of this study ......................................................................................................... 51 

4 MATERIAL AND METHODS .................................................................................................. 54 

4.1 Material ...................................................................................................................... 54 

4.1.1 Chemical substances ..................................................................................................... 54 

4.1.2 Buffer and Media ........................................................................................................... 55 

4.1.3 Enzymes ......................................................................................................................... 57 

4.1.4 Kits ................................................................................................................................. 57 

4.1.5 Plasmids ......................................................................................................................... 57 

4.1.6 Oligonucleotides ............................................................................................................ 58 

4.1.7 Organisms ...................................................................................................................... 60 

4.1.8 Transgenic C. elegans strains ........................................................................................ 61 

4.1.9 Devices and equipment ................................................................................................. 65 

4.1.10 Consumables ................................................................................................................. 66 

4.1.11 Software ........................................................................................................................ 67 

4.2 Microbiological and molecular methods ....................................................................... 67 

4.2.1 Polymerase chain reaction (PCR) .................................................................................. 67 

4.2.2 Preparative and analytic restriction digest ................................................................... 69 

4.2.3 Agarose gel electrophoresis .......................................................................................... 69 

4.2.4 Phenol chloroform isoamyl alcohol (PCA) extraction ................................................... 70 

4.2.5 DNA fragment ligation ................................................................................................... 70 

4.2.6 Transformation of E. coli ............................................................................................... 71 

4.2.7 Plasmid DNA extraction and purification from E. coli ................................................... 71 



Table of Contents 

III 

 

4.2.8 DNA sequencing ............................................................................................................ 72 

4.2.9 Cloning strategies .......................................................................................................... 72 

4.3 Methods for the work with C. elegans .......................................................................... 75 

4.3.1 Maintenance of C. elegans ............................................................................................ 75 

4.3.1.1 Decontamination of C. elegans ................................................................................. 75 

4.3.2 Creation of transgenic C. elegans strains ...................................................................... 76 

4.3.2.1 Transformation of C. elegans using microinjection................................................... 76 

4.3.2.2 Crossing of C. elegans ................................................................................................ 78 

4.3.3 Isolation of genomic DNA from C. elegans .................................................................... 79 

4.3.3.1 PCR-based genotyping of C. elegans ......................................................................... 79 

4.3.4 Extraction and purification of RNA from C. elegans for gene expression profiling ...... 80 

4.3.4.1 Embryo isolation from C. elegans.............................................................................. 80 

4.3.4.2 L1 larval cell cultivation ............................................................................................. 81 

4.3.4.3 RNA extraction using TRIzol reagent ......................................................................... 82 

4.3.5 Analysis and manipulation of synaptic transmission .................................................... 84 

4.4 Microscopy Methods ................................................................................................... 85 

4.4.1 Optogenetic implementation and manipulation .......................................................... 85 

4.4.2 Recording and analysis of behavioral patterns ............................................................. 85 

4.4.2.1 Bending angles .......................................................................................................... 86 

4.4.2.2 Crawling trajectories and locomotion parameters ................................................... 88 

4.4.2.3 Swimming frequency ................................................................................................. 89 

4.4.3 Fluorescence microscopy .............................................................................................. 89 

4.4.3.1 Quantitative analysis of FLP-1::mCherry fluorescence signals in AVK neurons ........ 90 

4.4.3.2 Calcium imaging of single neurons ............................................................................ 91 

4.4.4 Quantification and statistical analysis ........................................................................... 92 

5 RESULTS ............................................................................................................................. 93 

5.1 Acute inhibition of AVK interneurons alters locomotion behavior ................................. 93 

5.1.1 Cell-specific expression of NpHR in AVK neurons ......................................................... 93 

5.1.2 Inhibition of AVK neurons affects bending behavior and body posture ....................... 94 

5.1.3 Inhibition of AVK neurons affects locomotion and crawling behavior ......................... 98 



Table of Contents 

IV 

 

5.2 AVK neurons mediate food responses by affecting bending angles and dispersal.......... 100 

5.2.1 The presence or absence of food modulates locomotion behavior ........................... 100 

5.2.2 AVK neurons become inhibited by the presence of food ........................................... 104 

5.2.3 Inhibition of AVK neurons affects swimming behavior ............................................... 107 

5.3 AVK neurons regulate locomotion by chemical transmission and neuropeptide  

signaling ................................................................................................................................ 108 

5.3.1 The flp-1 gene resides in an intron of the daf-10 gene ............................................... 110 

5.3.2 flp-1 mutation affects synaptic transmission at the neuromuscular junction (NMJ) . 113 

5.4 AVK neurons release FLP-1 neuropeptides continuously via dense core vesicles ........... 114 

5.4.1 Acute inhibition of AVK neurons reduces the mobility and release of FLP-1 

neuropeptides ............................................................................................................................. 116 

5.4.2 Acute inhibition of AVK neurons using a histamine-gated chloride channel .............. 117 

5.5 FLP-1 peptides are detected by G protein-coupled receptors with different potency .... 119 

5.5.1 Behavioral effects of AVK-released FLP-1 peptides require the NPR-6 receptor........ 120 

5.5.1.1 NPR-6 acts in ventral cord and head motoneurons to alter locomotion behavior by 

FLP-1 signaling ......................................................................................................................... 123 

5.5.2 FLP-1 peptides are recognized by an additional high-potency receptor FRPR-7 ........ 126 

5.5.3 Effects of AVK inhibition on swimming behavior require the receptor FRPR-7 .......... 128 

5.5.4 Loss of NPR-6, but not FRPR-7, affects synaptic transmission at the NMJ ................. 129 

5.5.5 AVK contributes to the regulation of reversals via the FRPR-7 receptor in DVC 

interneurons ................................................................................................................................ 130 

5.6 AVK resides within neuronal circuits regulating locomotion and food responses .......... 135 

5.6.1 SMB head motoneurons form a gap junction network with AVK neurons ................. 135 

5.6.2 FLP-26 peptides are expressed in SMB neurons to control bending behavior ........... 139 

5.6.3 SMB neurons get inhibited by AVK neurons via FLP-1, FLP-26 and NPR-6 signaling .. 141 

5.6.4 AVK neurons act in parallel to the DVA interneuron, dependent on NLP-12 peptide 

transmission ................................................................................................................................ 142 

5.7 Dopamine regulates the activity of AVK neurons to mediate food responses ............... 145 

5.7.1 Acute dopamine exposure inhibits AVK neurons ........................................................ 145 



Table of Contents 

V 

 

5.7.2 Stimulation of dopaminergic neurons affects locomotion ......................................... 146 

5.7.3 AVK neurons express D1- and D2-type dopamine receptors ...................................... 148 

5.7.3.1 Dopamine regulates the activity of AVK neurons via the DOP-3 receptor ............. 149 

5.7.3.2 Besides the DOP-3 receptor, dopamine regulates the activity of AVK neurons also 

partially via the DOP-1 receptor .............................................................................................. 153 

5.7.4 Food sensation and dopamine signaling reduces FLP-1 release from AVK neurons .. 155 

6 DISCUSSION ....................................................................................................................... 158 

6.1 Inhibition, but not stimulation, of AVK neurons affects locomotion behavior ............... 159 

6.2 Food availability alters locomotion behavior via the AVK neurons ............................... 161 

6.3 AVK neurons release FLP-1 peptides to affect locomotion by chemical transmission .... 164 

6.4 Neuropeptide signaling requires G protein-coupled receptors ..................................... 168 

6.4.1 FLP-1 peptides activate NPR-6 and FRPR-7 receptors with different efficiencies ...... 169 

6.5 AVK neurons form a neuronal circuit with downstream motoneurons to regulate 

locomotion and crawling behavior ......................................................................................... 172 

6.5.1 FLP-1 peptides inhibit motoneurons via the NPR-6 receptor to regulate bending 

behavior and dispersal ................................................................................................................ 173 

6.5.2 FLP-1 peptides signal to the DVC interneuron via the FRPR-7 receptor to regulate 

reversal frequencies .................................................................................................................... 177 

6.6 AVK neurons act in parallel to the interneuron DVA in an antagonistic fashion ............. 178 

6.7 AVK neurons get sensory input from dopaminergic neurons ........................................ 180 

6.7.1 Dopamine regulates the activity of AVK neurons and FLP-1 peptide release ............. 180 

6.7.2 AVK neurons express D1- and D2-like dopamine receptors ....................................... 181 

6.8 Functional model of the AVK neuronal circuit regulating locomotion and food-related 

behavioral responses ............................................................................................................. 183 

6.9 Outlook ...................................................................................................................... 185 

7 REFERENCES....................................................................................................................... 190 

8 APPENDIX .......................................................................................................................... 229 

8.1 C. elegans neuropeptide receptor alignments .............................................................. 229 

8.1.1 Amino acid sequence alignment between GtNPR-1 and C. elegans GPCRs ................ 229 



Table of Contents 

VI 

 

8.2 Abbreviations ............................................................................................................. 233 

8.2.1 Units and prefixes ........................................................................................................ 233 

8.2.2 Acronyms ..................................................................................................................... 233 

8.3 List of figures .............................................................................................................. 235 

8.4 Data and figure contribution ....................................................................................... 240 

8.5 List of tables ............................................................................................................... 241 

8.6 Digital content ............................................................................................................ 242 

 

 

 

 

 

 

 

 

 

 

 



Summary 

VII 
 

1 Summary 

 

An essential part of the animal survival strategy comprises the ability to control body movement and 

coordinate long-term navigational strategies, in order to maintain locomotion towards a nutrition 

source and stay in its vicinity. In the nematode Caenorhabditis elegans (C. elegans) this function is 

carried out by neuronal circuits, that vary their activity in response to diverse environmental condition. 

This comprises different classes of neurons, acting together in a sensory, signaling and modulatory 

system to control body posture and induce behavioral responses. For this reason, one particular goal 

in the field of neuroscience research is to elucidate the mechanisms of how neuronal circuits integrate 

multiple sensory cues to navigate the environment.  

Aim of this study was to analyze the function of a neuronal network comprising the interneurons AVK, 

as well as the identification of signaling molecules, controlling body posture during food-related 

locomotory behavior. This should be achieved by establishing optogenetic approaches, which provide 

a non-inversive and temporally precise control of neuronal activity and drives the activation or 

silencing of individual neurons, to alter the neuronal basis of behavior. Animals exposed to food 

perform a dwelling-like behavior, characterized by a slowing of locomotion with a reduced crawling 

distance and an irregular movement, accompanied by a high frequency of pauses, reversals and 

directional changes. Upon food-removal, they initiate a local-search behavior with the same behavioral 

characteristics, but with a more pronounced sinusoidal movement. After a prolonged period of 

unsuccessful food finding, animals exhibited long runs with reduced pauses, reversals and turnings, 

increasing their maximal covered distance, indicated as dispersal behavior. Acute photoinhibition of 

AVK neurons, mediated by cell-specific expression of halorhodopsin (NpHR) caused the animals to 

perform a dwelling-like locomotory state with increased bending angles, as seen during local-search 

behavior. Thus, food-induced behavioral effects are mimicked by the optogenetic manipulation of AVK 

interneurons.  

In this study, signaling molecules were ascertained by cell-specific mRNA profiling of AVK neurons, 

mediating these behavioral responses. It was able to demonstrate, that flp-1, coding for a FMRFamide-

like neuropeptide, is one of the genes with the highest distribution in AVK. In the absence of food, AVK 

neurons continuously release the FMRFamide-like neuropeptide FLP-1 to inhibit a subset of target 

motoneurons, leading the animals to maintain a low body curvature to promote dispersing behavior. 

Conversely, if AVK was inhibited by NpHR or the presence of food, less FLP-1 was secreted to the body 

fluid, indicated by reduced intracellular fluorescence levels of mCherry-tagged FLP-1 proteins in the 

scavenger cells. The search of a FLP-1 receptor was successful by in vitro investigation on G protein-
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coupled receptors (GPCRs) and neuropeptide ligands, revealing NPR-6 to be activated by FLP-1 

neuropeptides, but with a low potency. Expression pattern of the NPR-6 receptor indicated receptor 

localization in in the VC ventral cord and SMB head motoneurons, as well as in a subset of other 

neurons required for chemosensation and feeding. AVK interneurons are highly coupled to SMB head 

motoneurons, forming electrical synapses composed of the gap junction protein subunits UNC-7 and 

UNC-9. Elimination of SMB or gap junction genes using cell ablation and RNA interference, respectively, 

phenocopied effects of AVK inhibition on bending angles. Furthermore, this study was able to 

demonstrate that these neurons get inhibited during FLP-1 transmission to the NPR-6 receptor, which 

was required to mediate AVK effects on crawling behavior. Consequently, photoinhibition of AVK 

caused disinhibition of VC and SMB neurons, in order to enhance sinusoidal movement and to induce 

a local-search related locomotory behavior. Thereby, FLP-1 neuropeptide transmission is the preferred 

used signaling pathway over direct gap junction coupling.  

Additional neuropeptides and receptors were identified to be essential downstream to AVK neurons 

to mediate effects on body curvature and locomotory behavior as well. The high-potency FRPR-7 

receptor was shown to mediate FLP-1 peptide effects on undulatory motion during swimming in a 

liquid environment, rather than crawling locomotion on a solid surface. This result suggests that the 

receptor NPR-6 is required for FLP-1 peptide effects on bending and crawling locomotion, whereas 

conversely the receptor FRPR-7 is addressed by FLP-1 peptides to exclusively regulate swimming 

behavior. The FRPR-7 receptor is expressed in the AIM and NSM motoneurons, which are suggested 

to be the primary neuronal candidates mediating swimming behavior. Furthermore, this study 

provides evidence, that FRPR-7 acts in the DVC interneuron to control spontaneous reversal behavior, 

most probably by inhibitory FLP-1 signaling from the AVK neurons. Among other neuropeptides, the 

FMRFamide-like peptide FLP-26 binds with higher affinity to NPR-6 receptors than FLP-1 peptides. 

FLP-26 peptides are expressed in the SMB motoneurons, where they are able to further potentiate 

FLP-1 inhibitory effects by simultaneous binding to NPR-6. 

AVK receives extensive synaptic input from the upstream dopaminergic PDE sensory neurons, which 

mechanically sense the texture of a bacterial lawn and are involved in the regulation of food-induced 

behavior strategies. Upon food encounter, dopamine is released from these neurons, driving the 

animals to slow down and to reduce their dispersing behavior. External application of dopamine, just 

like food, influences AVK neuronal activity and its capability to initiate local-search behavior. 

Accordingly, animals lacking cat-2, responsible for dopamine synthesis, strongly increased bending 

angles during AVK photoinhibition and the release of the FLP-1 neuropeptide was significantly 

enhanced. These findings lead to the conclusion, that the sensation of food alongside with dopamine 

transmission causes an inhibited state of AVK, which modulates FLP-1 peptide signaling to downstream 
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motoneurons. Additionally, in the presence of food, photoactivation of AVK neurons via the expression 

of channelrhodopsin (ChR2), led to an enhanced FLP-1 peptide release and to a decreased sinusoidal 

movement. In contrast, AVK neurons are tonically active in the absence of food and photostimulation 

did not additionally alter crawling behavior. Using mRNA profiling, dop-3 was found to be enriched in 

AVK, coding for a D2-type inhibitory receptor involved in dopamine signaling. Photostimulation of 

dopaminergic neurons using ChR2, reflects food-induced dwelling behavior and requires the DOP-3 

receptor. Animals, in which dop-3 was cell-specifically knocked-down in AVK, were not able to perform 

dispersal behavior after a prolonged period without food. By this, it could be shown that dopamine 

acts directly on AVK neurons via the inhibitory receptor DOP-3, responsible for the switch between 

dispersal and dwelling behavior during food sensation. The stimulatory D1-like receptor DOP-1, was 

shown to act antagonistic to DOP-3 to regulate local-search behavior. DOP-1 is expressed in the 

proprioceptive interneuron DVA, which is innervated by the dopaminergic PDE neurons as well. The 

DVA neuron releases the cholecystokinin-like NLP-12 neuropeptide and acute photoexcitation and -

inhibition of DVA increased and reduced sinusoidal movement, respectively. Hence, DVA antagonizes 

AVK in a parallel overlapping neuronal circuit to control food-dependent locomotion states. Therefore, 

the DVA and AVK neurons are coupled to the SMB motoneurons to direct either dwelling or dispersal 

behavior, integrating environmental and proprioceptive signals.  

In sum, this study successfully characterized the functional role of AVK interneurons in a neuronal 

network, responsible for the food-dependent behavioral state switching from dwelling to local-search 

and long-range dispersal behavior. It could be demonstrated, that these effects are mediated by 

distinct peptidergic signaling molecules and their respective receptors were identified as well. 

Neuropeptide transmission from AVK was modulated by dopamine signaling to regulate motor 

systems, a mechanism, which is assumed to be highly conserved in higher animals and mammals.  
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2 Zusammenfassung 

Adaptive Bewegungsverhalten, wie das Finden einer Futterquelle und die Fähigkeit in ihrer Nähe zu 

verbleiben, ist ein zentraler Bestandteil der Überlebensstrategie vieler Tierarten. Um die Erschließung 

einer Nahrungsquelle zu gewährleisten, müssen sie die Körper- und Fortbewegung koordinieren und 

ihre langfristigen Navigationsstrategien anpassen. In höheren Tieren wird diese Funktion von 

neuronalen Schaltkreisen des Nervensystems übernommen, die ihre Aktivität den unterschiedlichsten 

Umgebungsbedingungen anpassen können. Diese Netzwerke bestehen aus verschiedenen 

Neuronentypen, die sich zu einem sensorischen und regulierenden System zusammenschließen, um 

bei einer Änderung der Nahrungsverfügbarkeit eine Verhaltensantwort auszulösen. Wie externe 

Signale auf molekularer und zellulärer Ebene integriert und in Verhalten umgewandelt werden 

können, und ob diese evolutionär konserviert vorliegen, ist eine wesentliche Zielsetzung der 

neurowissenschaftlichen Forschung. Um diese komplexen Zusammenhänge zu verstehen, greifen 

Wissenschaftler auf einfache Modellorganismen wie den Fadenwurm Caenorhabditis elegans 

(C. elegans) zurück. Sein kompaktes Nervensystem besteht aus 302 Neuronen, deren Anatomie und 

Verschaltung durch elektronenmikroskopische Studien bereits erforscht und detailliert charakterisiert 

wurde. Trotz ihrer geringen Anzahl sind diese Neurone vielseitig miteinander verknüpft und bilden 

dadurch komplexe Netzwerke, deren Funktion bis heute nur teilweise entschlüsselt wurde. Zusätzlich 

erschwert die Vielzahl an neuronalen Molekülen die Identifikation beteiligter Signalwegen. Ein Beispiel 

hierfür sind neuronale Netzwerke, welche die Anpassung des Verhaltens an sich ändernde 

Umgebungsbedingungen regulieren.  

Ziel dieser Arbeit war es, die Funktion eines neuronalen Netzwerks des Fadenwurms zu analysieren, 

das in seinem Mittelpunkt die Interneuronen AVKL und AVKR (kurz AVK) beinhaltet. Dieses 

Neuronenpaar ist im Kopfganglion des Tieres lokalisiert, wo es von übergeschalteten sensorischen 

Neuronen Informationen über die Nahrungsverfügbarkeit erhält und diese an nachgeschaltete Inter- 

und Motoneuronen weiterleitet. Letztere steuern wiederum die Muskelaktivität, um bestimmte 

Bewegungsabläufe zu induzieren. Ein besonderer Fokus wurde dabei auf die Identifikation der 

Signalmoleküle gelegt, mit denen AVK als zentrale Kommunikationseinheit Impulse an die 

verschiedenen Neuronentypen des Schaltkreises weiterleitet. Dies sollte durch die Etablierung von 

optogenetischen Verfahren erreicht werden, die es ermöglichen auf eine nicht-invasive und zeitlich 

genaue Weise, die neuronale Aktivität zu steuern. Hierfür wurden lichtsensitive mikrobielle 

Rhodopsine, wie der Ionenkanal Channelrhodopsin (ChR2) und die Ionenpumpe Halorhodopsin (NpHR) 

durch spezifische Promotoren in der Membran der Zielnervenzelle exprimiert. Dabei vermittelt ChR2 

durch Absorption von blauem Licht einen Einstrom von positiv geladenen Ionen und eine 

Depolarisation der Zelle, wodurch diese zu einer Reizleitung aktiviert wird. NpHR hingegen wird von 
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gelben licht aktiviert und induziert einen Einstrom von negativ geladenen Chloridionen, wodurch die 

Zelle hyperpolarisiert wird und eine neuronale Inhibition erfolgt. Optogenetik ermöglicht demnach die 

Verhaltensweise des Wurms auf neuronaler Ebene zu manipulieren und komplexe 

Verhaltensstrategien zu analysieren. 

Der Fadenwurm C. elegans bewegt sich anhand zweier grundlegender Bewegungsformen vorwärts, 

zum einen durch das Kriechen auf festem Untergrund, zum anderen durch das Schwimmen in einer 

Flüssigkeit. Dabei bewegt er sich charakteristisch anhand von sinusoidalen Biegungswellen vorwärts, 

die sich kontinuierlich von Kopf bis Fuß ausbreiten. In der vorliegenden Arbeit konnte gezeigt werden, 

dass der Wurm sein Kriechverhalten an seine Umgebung und dem Zustand der Nahrungsverfügbarkeit 

adaptieren kann. Wird der Wurm einer Nahrungsquelle ausgesetzt, passt er seine Fortbewegung durch 

kleine Verhaltensänderungen an und fügt diese zu langfristigen Navigationsstrategien zusammen. 

Dabei wird die kontinuierliche wellenförmige Fortbewegung von Pausen, Richtungswechseln und 

Rückwärtsbewegungen unterbrochen. Gleichzeitig reduziert der Wurm seine Geschwindigkeit und die 

zurückgelegte Distanz, was es ihm auf lange Sicht ermöglicht, an einer bestimmten Futterquelle zu 

verweilen. Dieses Verhalten wird im Englischen als „dwelling“ bezeichnet. Sobald dem Wurm die 

Futterquelle entzogen wir, leiten er ein lokales Suchverhalten („local-search“) ein, das vergleichbare 

Bewegungsmerkmale aufweist, jedoch mit häufigeren Richtungswechseln und einer ausgeprägteren 

Körperbiegung einhergeht. Dadurch stellt der Wurm sicher, dass er in unmittelbarer Umgebung der 

vorherigen Nahrungsquelle sucht und dadurch die Chance auf das Finden einer neuen Futterquelle 

erhöht. Nach einer längeren Zeit des Nahrungsmangels, verändert der Wurm seine Verhaltensstrategie 

grundlegend, indem er die Häufigkeit der Pausen, Rückwärtsbewegungen und Richtungswechsel 

reduziert. Das ermöglicht ihm, weitere Strecken zurück zu legen und Futter über längere Distanzen zu 

suchen. Dieses Verhalten wird im Englischen als „dispersal“ bezeichnet. In dieser Arbeit konnte gezeigt 

werden, dass akute optogenetische Inhibition der AVK Neuronen dazu führt, dass die Tiere ihre 

Biegungswinkel erhöhen, wie es auch beim lokalen Suchverhalten gezeigt wurde. Charakteristisch für 

die Fortbewegung unter Inhibition von AVK war zusätzlich das häufigere Auftreten von Pausen und 

Rückwärtsbewegungen. Somit war es möglich, durch optogenetische Manipulation von AVK 

Neuronen, die mit der Nahrungsverfügbarkeit zusammenhängenden Verhaltensabfolgen zu 

induzieren.  

Um herauszufinden mit Hilfe welcher Signalmoleküle die AVK Neuronen solche Verhaltensänderung 

einleiten, wurde ein mRNA Profil der AVK Neuronen erstellt. Schon frühere Untersuchungen haben 

gezeigt, dass AVK Neuronen das Peptid FLP-1, ein Protein der Familie der FMRFamid-ähnlichen 

Neuropeptide, freisetzen. Tatsächlich konnte mit Hilfe dieser Methode herausgefunden werden, dass 

das flp-1 Gen eines der am stärksten exprimierten in AVK darstellt und legen nahe, dass FLP-1 
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Neuropeptide eine wesentliche Rolle bei der Regulierung der Fortbewegung spielen, weshalb sie im 

Rahmen dieser Arbeit weiter untersucht wurden. Eine Mutation des flp-1 Genes führte zu 

unkoordinierten Bewegungsabläufen, sowie zu erhöhten Biegungswinkeln. Durch eine zusätzliche 

zellspezifische Expression von FLP-1 konnte der Mutationsphänotyp wieder aufgehoben werden und 

die Tiere kehrten zu einem Verhalten, ähnlich dem des Wildtyps, zurück. Folglich wirken FLP-1 

Neuropeptide speziell in AVK Neuronen, um den Grad der Körperbiegung des Wurms gezielt zu 

regulieren. Im Gegensatz dazu weist die flp-1 Mutante keine Erhöhung der Biegungswinkel auf, 

nachdem die Futterquelle entfernt wurde, wie es für Wildtyp Tiere charakteristisch ist. Hieraus ergibt 

sich, dass die AVK Neuronen in der Abwesenheit von Nahrung FLP-1 Peptide gezielt freisetzen, um den 

Grad der Körperbiegung zu reduzieren und eine weitläufigere Fortbewegung einzuleiten. Um die 

Freisetzung der FLP-1 Peptide genauer zu untersuchen, wurden FLP-1 Vorläuferproteine mit mCherry 

markiert, in AVK exprimiert und ihre Lokalisation in dem Wurm analysiert. Die Fusionsproteine 

FLP-1::mCherry werden in großen „dense core“ Vesikeln verpackt, wo sie weiter in aktive FLP-1 Peptide 

und mCherry Proteine gespalten werden. In C. elegans werden die freigesetzten Neuropeptide von 

Speicherzellen aufgenommen, den sogenannten Coelomocyten, die Flüssigkeiten und ihre 

Bestandteile aus der Körperhöhle (Pseudocoel) endozytieren. Tatsächlich konnte eine mCherry 

Fluoreszenz in den AVK Zellkörper und Axonen, als auch in den Coelomocyten nachgewiesen werden. 

Interessanterweise zeigten Mutanten für das Gen unc-31, welches essentiell für die Exozytose der 

dense core Vesikel ist, eine starke Reduktion der mCherry Fluoreszenz in den Coelomocyten. 

Dementsprechend führte diese Mutation zu einer Akkumulation der FLP-1 enthaltenen Vesikeln in den 

AVK Zellkörpern. Wird AVK jedoch inhibiert, z.B. durch das Angebot von Futter, wurden weniger FLP-1 

Peptide in das Pseudocoel freigesetzt. Daraus lässt sich schließen, dass in der Abwesenheit von 

Nahrung AVK Neuronen das FLP-1 Peptid mit Hilfe von dense core Vesikeln durchgehend freisetzen.  

C. elegans Neuropeptide sind bekannt dafür an G Protein-gekoppelte Rezeptoren (GPCRs) zu binden 

und durch intrazellulare Signalwege die Zielzelle zu aktivieren oder zu inhibieren. Durch ein in vitro 

zell-basiertes Experiment konnte die Affinität von GPCRs und Neuropeptidliganden analysiert werden 

und potenziell passende Rezeptoren für FLP-1 ermittelt werden. Dabei wurde festgestellt, dass der 

Rezeptor NPR-6 von FLP-1 Peptiden aktiviert wird, jedoch haben der Rezeptor und Ligand eine niedrige 

Affinität zueinander. Dennoch zeigten Verhaltensversuche mit Mutanten für das npr-6 Gen keine 

Reaktion auf die Inhibition von AVK mittels NpHR und ihre Biegungswinkel blieben unverändert. 

Darüber hinaus reagierten npr-6 Mutanten nicht auf das Vorhandensein einer Futterquelle, da sie auch 

hier ihre Körperbiegung nicht anpassen konnten. Dieses Ergebnis zeigt, dass AVK höchstwahrscheinlich 

die durch Futter induzierte Verhaltensantwort über das Signalpeptid FLP-1 an NPR-6 Rezeptoren 

vermittelt. Um herauszufinden, in welchen Neuronen NPR-6 vorliegt, wurde ein Expressionsmuster 

des Rezeptors erstellt. Eine Lokalisation wurde in den ventral gelegenen VC Motoneuronen und den 



Zusammenfassung 

 

XIII 
 

SMB Motoneuronen des Kopfes festgestellt, wie auch in weiteren Neuronen, die für die Wahrnehmung 

von chemischen Stoffwechselprodukten des Futters verantwortlich sind.  

Die AVK Neuronen interagieren stark mit den SMB Motoneuronen, indem sie elektrische Synapsen, 

sogenannte Gap Junctions, ausbilden die aus den Innexin-Untereinheiten UNC-7 und UNC-9 bestehen. 

In der vorliegenden Arbeit konnte gezeigt werden, dass die Eliminierung der SMB Neuronen mittels 

zellspezifischer Ablation, zu einer starken Erhöhung der Biegungswinkel führte. Auch durch die 

Stilllegung des Gens unc-7 in den AVK Neuronen mit Hilfe von RNA Interferenz (RNAi) kam es zu einer 

ähnlichen Verhaltensantwort. Daraus lässt sich folgern, dass ein Fehlen von SMB Neuronen und 

elektrischen Synapsen vergleichbare Effekte hervorrufen, wie die optogenetische Inhibition von AVK. 

Jedoch konnte das Ausmaß der Körperbiegung der unc-7 RNAi Tiere durch die Inhibition von AVK noch 

weiter erhöht werden, was vermuten lässt, dass AVK bevorzugt andere Signalwege gegenüber der 

elektrischen Signalweiterleitung verwendet. Tatsächlich werden SMB, wie auch die VC Neuronen, über 

FLP-1 Transmission zu dem NPR-6 Rezeptor von AVK adressiert, um die Fortbewegung des Tieres zu 

regulieren. Durch eine zellspezifische Expression von NPR-6 in den SMB und VC Neuronen war es 

möglich, den npr-6 Mutationsphänotyp wieder aufzuheben und die erhöhten Biegungswinkel während 

der Inhibition von AVK wiederherzustellen. Zusätzlich konnte in dieser Arbeit belegt werden, dass die 

optogenetische Inhibition von AVK Neuronen zu einer Desinhibition der SMB und VC Neuronen führt, 

gemessen an einem intrazellulären Anstieg der Calciumkonzentration. Wird AVK inhibiert, setzen diese 

Interneuronen weniger FLP-1 Peptide frei, um nachgeschaltete Motoneuronen zu aktivieren, mit dem 

Ziel die Körperbiegung des Wurms zu erhöhen und ein lokales Suchverhalten einzuleiten. Dies konnte 

auch durch optogenetische Stimulation der SMB und VC mittels ChR2 bestätigt werden, die ebenfalls 

einen Anstieg der Körperbiegung zur Folge hatte.  

Darüber hinaus wurden weitere Neuropeptide und Rezeptoren ermittelt, die bei der AVK-mediierten 

Signalweiterleitung beteiligt sind und bei der Regulierung der Fortbewegung eine tragende Rolle 

spielen. Der in vitro Affinitätstest hatte gezeigt, dass der FRPR-7 Rezeptor FLP-1 Peptide mit einer viel 

höheren Affinität bindet. Interessanterweise konnte in den Verhaltensversuchen mit Mutanten für das 

frpr-7 Gen gezeigt werden, dass dieser Rezeptor für die wellenförmige Bewegung während des 

Schwimmens in einer flüssigen Umgebung verantwortlich ist. Hierbei führte die optogenetische 

Inhibition von AVK zu einer Reduktion in der Schwimmbewegung, abhängig von der FLP-1 

Signalisierung zu dem FRPR-7 Rezeptor. Bei der Fortbewegung auf festem Untergrund spielt FRPR-7 

hingegen eher eine untergeordnete Rolle, während vorwiegend der Rezeptor NPR-6 die Effekte von 

FLP-1 Peptiden auf die Biegungswinkel reguliert. Im weiteren Verlauf dieser Arbeit konnte belegt 

werden, dass FRPR-7 in dem DVC Interneuron exprimiert wird, um spontane Rückwärtsbewegungen 

zu koordinieren, höchstwahrscheinlich durch einen inhibitorischen FLP-1 Signalweg. Verglichen mit 
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FLP-1 Peptiden, bindet der NPR-6 Rezeptor bevorzugt FLP-26 Peptide mit viel höherer Affinität. Dieses 

Peptid ist ebenfalls in den SMB Neuronen exprimiert, wo es durch AVK ausgelöste Effekte 

möglicherweise weiter verstärkt, indem es neben FLP-1 simultan an den Rezeptor bindet.  

AVK bezieht zu einem hohen Anteil synaptischen Input von den vorgeschalteten sensorischen und 

dopaminergen PDE Neuronen. Diese nehmen mechanische Reize wahr, ausgelöst durch die 

Beschaffenheit der bakteriellen Nahrung und sind in der Regulation der durch Futter ausgelösten 

Verhaltensstrategien beteiligt. Sobald der Wurm auf eine Futterquelle trifft, setzen die PDE Neuronen, 

zusammen mit den anderen sensorischen Neuronen ADE und CEP, Dopamin frei. Dies hat zur Folge, 

dass sich die Bewegung der Tiere verlangsamt, der Grad der Körperbiegung abnimmt und sie eine 

kleinere Fläche erschließen. Im Rahmen dieser Arbeit konnte gezeigt werden, dass diese 

Verhaltensstrategie teilweise von AVK Neuronen reguliert wird, da die externe Applikation von 

Dopamin, gleichzusetzen mit der Anwesenheit von Nahrung, die Aktivität der AVK Neurone beeinflusst 

und ihre Fähigkeit die lokale Futtersuche einzuleiten unterdrückt. Demzufolge war es dem Wurm nicht 

möglich, anhand von optogenetischer Inhibition die Biegungswinkel zu erhöhen. Zusätzlich wiesen 

Tiere denen das CAT-2 Protein fehlte, welches wichtig für die Dopaminsynthese ist, oder Tiere denen 

Futter entzogen wurde, eine signifikant erhöhte Freisetzung der FLP-1 Peptide auf. Diese Erkenntnisse 

führen zu der Vermutung, dass die gleichzeitige Wahrnehmung von Futter und Dopaminfreisetzung zu 

einem inhibitorischen Zustand von AVK führt und die Transmission der FLP-1 Peptide zu 

nachgeschalteten Motoneuronen beeinflusst. Tatsächlich führte, nur in Gegenwart von Futter, die 

optogenetische Stimulation der AVK Neuronen mittels ChR2 zu einer Abnahme der Biegungswinkel, da 

sich in Abwesenheit von Futter die Neuronen höchstwahrscheinlich in einem tonisch aktiven Zustand 

befinden. 

Anhand des mRNA Profils von AVK konnte gezeigt werden, dass der inhibitorische D2-Typ Rezeptor 

DOP-3, in AVK hoch exprimiert vorliegt. Stimulation der Dopaminfreisetzung mittels ChR2 Expression 

in den dopaminergen Neuronen reflektierte die durch Futter eingeleitete Verhaltensabfolgen und die 

Tiere reduzierten das Ausmaß ihrer Körperbiegung. Hierfür benötigten sie den DOP-3 Rezeptor in AVK. 

Tiere deren Expression des dop-3 Gens mittels RNAi in AVK herunter reguliert wurde, waren nicht in 

der Lage nach einem anhaltenden Zeitraum ohne Futter weite Strecken zurück zu legen. Demzufolge 

hat Dopamin über den inhibitorischen DOP-3 Rezeptor direkten Einfluss auf die AVK Neuronen und 

Dopamin ist für den Wechsel zwischen weit- und engläufigem Verhalten des Tieres während der 

Futterwahrnehmung verantwortlich. Letzteres wurde schon in vorangegangenen Studien belegt, in 

denen der stimulierende D1-Typ Rezeptor DOP-1 die Futter-abhängige Verhaltensstrategien, in 

antagonistischer Weise zu dem DOP-3 Rezeptor, regulierte. DOP-1 ist unter anderem in dem 

propriozeptiven Interneurons DVA exprimiert, das ebenfalls von den PDE Neuronen adressiert wird. 
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DVA setzt das Cholecystokinin-ähnliche Neuropeptid NLP-12 frei und anhand dieser Arbeit konnte 

gezeigt werden, dass akute Stimulation oder Inhibition dieses Neurons über Optogenetik die 

Biegungswinkel des Tieres erhöht und reduziert, gegenläufig zu AVKs Funktion. Dementsprechend sind 

beide Neuronentypen in der Lage Informationen zu integrieren und in einem parallel-laufenden und 

überlappenden neuronalen Netzwerk auf antagonistische Weise weiterzuleiten, mit dem Ziel die 

Fortbewegungsabläufe dem vorherrschenden Nahrungsvorkommen anzupassen. Hierfür sind die 

beiden Interneuronen AVK und DVA direkt mit SMB Motoneuronen verschaltet, um entweder eine 

eng- oder weitläufige Fortbewegung einzuleiten. 

Zusammenfassend konnte anhand dieser Forschungsarbeit veranschaulicht werden, dass die AVK 

Interneurone maßgeblich für die Verhaltenssteuerung während der Futterwahrnehmung 

verantwortlich sind und somit deren Funktion in einem regulatorischen neuronalen Netzwerk 

erfolgreich charakterisiert werden. Es konnte gezeigt werden, dass Änderungen im Verhalten durch 

bestimmte Signalmoleküle vermittelt werden und einige ihrer Rezeptoren wurden erfolgreich 

identifiziert. Dabei wurde die Transmission der Neuropeptide über AVK von Dopamin beeinflusst, ein 

Vorgang von dem angenommen wird, dass er hoch konserviert auch in höheren Tieren vorliegt. 

Tatsächlich gibt es vergleichbare Mechanismen in Säugetieren, bei denen Dopaminsignalisierung die 

Freisetzung von Cholecystokinin- und RF-amid ähnlichen Neuropeptiden, in Bezug auf ein belohnungs-

abhängiges Verhalten wie bei der Nahrungssuche, beeinflusst. In der vorliegenden Arbeit konnte 

demonstriert werden, dass solche Signaltransduktionswege erfolgreich unter vereinfachten 

Bedingungen erläutert werden können, wie sie bei neuronalen Netzwerken des Fadenwurms 

C. elegans vorherrschen. Auf lange Sicht kann sie Aufschluss darüber geben, wie Dopamin und 

Neuropeptide die neuronale Funktionalität beeinflussen und komplexe Verhaltensantworten bei der 

Nahrungssuche regulieren. 
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3 Introduction 

 

3.1 Caenorhabditis elegans, a model organism to study neuronal circuits 

The brain is the most complicated organ to study because of its allover comprehensive diversity of 

signaling molecules, quantity and diversity of cells and neuronal connections. Thus, there are 

experimental systems needed to study sophisticated neurobiological questions, such as neuronal 

function and network connectivity. In the last decades, the nematode Caenorhabditis elegans 

(C. elegans) became a common and favorable non-mammalian model organism in the field of 

neuroscience, but also beyond. Other biological areas of application, such as apoptosis, cell cycle, gene 

regulation, metabolism and aging are investigated by means of this organism as well (Riddle et al. 

1997a). The compact nervous system of the C. elegans hermaphrodite consist of 302 neurons, of which 

anatomical positions, as well as morphological information and neuronal connections were revealed 

and well characterized, using electron micrographs (Ward et al. 1975; White et al. 1986). Despite its 

simplicity, neurons are broadly interconnected, building complex neuronal networks regulating a 

variety of behavioral responses including chemo- and mechanosensation, thermotaxis, feeding, 

locomotion, egg-laying, defecation and male mating (de Bono und Maricq 2005). A considerable 

number of neurons controlling these behaviors have been identified in vivo (Kaplan 1996; Avery und 

Thomas 1997; Bargmann und Mori 1997). Nonetheless, there are still complex regulatory processes 

involved in the modulation of locomotion, where neurons and circuitry are still functionally unknown. 

Particularly, the variety of neuronal signaling molecules and transmitters complicates the identification 

of signaling processes. In addition, less is known about how the neuronal networks perceive and 

integrate information, for instance about changing environmental conditions. Thus, it is essential to 

investigate every small level of the brain function, including subcellular molecular signaling and 

neuronal synaptic connectivity, up to circuit level function.  

With respect to this, C. elegans provides several advantages for the investigation of functional circuitry 

that drives animal behavior. For instance, C. elegans has a fully sequenced and annotated genome, 

making it a powerful model for genetic manipulation and simplifying the identification of unknown 

genes regulating behavior (C. elegans Sequencing Consortium 1998). More precisely, gene expression 

can be easily and specifically targeted using RNA interference and mutagenesis. Furthermore, for most 

of the C. elegans genes homologies have been found with other animal species, including 60-80 % for 

human genes, making C. elegans a preferred model organism providing insights into the mechanisms 

of human disease (Wittenburg et al. 2000; Lakso et al. 2003). The transparency of C. elegans enables 

the identification and fluorescent targeting of neuronal cells in living preparations, just as laser ablation 
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to silence specific neurons allows for the investigation of their function in small neuronal networks 

(Fang-Yen et al. 2012). A significant drawback is accompanied with ablation techniques, as the 

intervention is irreversible, and these approaches lack the possibility of neuronal activation. Thus, 

optogenetic actuation accompanied with non-invasive illumination has been successfully used to 

control neuronal activity and behavioral output in vivo (Riddle et al. 1997a; Nagel et al. 2005). Neuronal 

activity can be monitored using genetically encoded calcium indicators (GECIs), which can be easily 

correlated to specific phenotypes of behavior (Zheng et al. 2012; Chung et al. 2013; Akerboom et al. 

2013). With respect to this, the nematode has a limited repertoire of behavioral sequences, which can 

be quantified with responsible effort. Moreover, the ability to record neuronal and muscular activity 

using electrophysiological techniques, in combination with pharmacological and electrical stimulation, 

allows the investigation of neuronal transmission and synaptic function (Liewald et al. 2008). 

 

3.1.1 Characteristics of the C. elegans anatomy and life cycle 

C. elegans is a free-living soil nematode which feeds primarily on bacteria as the main food source 

(Wood 1988). It is small in size (1.2 mm) and has an anatomically simple body plan, comprising 959 

somatic cells for the adult hermaphrodite and 1031 cells for the adult male (Brenner 1974). Both sexes 

have the same general anatomy. The tubular body is compartmentalized in a body wall, which encloses 

the alimentary, excretory, reproductive and nervous systems by a pseudocoelomic space (Figure 1). 

The body wall itself consists of the cuticle, hypodermis and a basal lamina surrounding the underlying 

body wall musculature (Sulston und Horvitz 1977; Hope 2005). The C. elegans excretory system is 

necessary for osmoregulation and the excretion of waste products. It consists of four cell types, a pair 

of gland cells, the excretory canal cell, the duct cell and the pore cell, which are located in the ventral 

side of the head region. The secretory-excretory junction is formed between the gland, duct and 

excretory cells, to permit the transport of excreted material into the duct and outside of the body 

through the excretory pore (Nelson et al. 1983). The alimentary system starts at the tip of the head 

with the mouth, followed by the pharynx and the intestine through the body, forming the gut of the 

animal. The pharynx is composed of epithelial, muscle and 20 neuronal cells and responsible for the 

ingestion and crushing of bacteria, which are further moved through the lumen of the intestine. The 

nervous system of C. elegans is mainly localized in the head, where neurons are organized in 

differentiated ganglia. The processes of most neurons are bundled as a nerve ring surrounding the 

pharynx and expanding through the whole animal on the ventral and dorsal side. Other single neurons 

of the nervous system are distributed along the ventral side of the animal or grouped as ganglia in the 

tail (Sulston 1983; White et al. 1986; Hope 2005).  
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Figure 1: The anatomy of C. elegans. Light microscopy image of an adult hermaphrodite animal (length ~1.2 mm). Cartoon 

indicates the major organ systems. Image adapted from Blaxter 2011. 

C. elegans produces a large number of progeny by sexual reproduction, either by self-fertilization in 

hermaphrodites or cross-fertilization by mating with males. The gonads, where the germline replicates 

through nuclear division, show differences in their function and composition between the two sexes. 

The gonad of the male is a single tube opening, connected to the cloaca close to the posterior tail 

ending (Sulston et al. 1980). The male germline produces only sperm cells. In contrast, the 

hermaphrodite germline produces oocytes and sperm cells as well. In the hermaphrodite, the gonads 

form two symmetrical lobes, the oviduct, which is connected to the spermatheca and the uterus. 

Oocytes are fertilized by the sperm in the spermatheca and released as eggs at the vulva, a structure 

located at the mid-body ventral side of the animal (Sulston und Horvitz 1977; Sulston et al. 1983). 

Apart from this, the most obvious difference between the two sexes lies in the spike of the tail, where 

male animals have an additional structure, consisting of complex musculature and an additional set of 

79 neurons, necessary for mating behavior (Sulston et al. 1980). 

The C. elegans entire life cycle, from an egg to a reproducing adult animal, takes 2 to 3 days at 25 °C 

and comprises the embryonic state, four larval stages and adulthood (Byerly et al. 1976) (Figure 2). 

During embryogenesis, gonad cells are fertilized and undergo cell division and proliferation. 

Subsequently, the embryos are laid as eggs, where they experience further morphogenesis steps and 

cells differentiate to tissues and organs (Sulston 1983). Afterwards, animals of the first larval stage (L1) 

hatch and undergo post-embryonic development from larval stage L1 to L4, where the end of each 

larval stage is characterized by a molt and a new cuticle is synthesized. After the L4 stage, the animals 

develop to reproductive adults that survive for approximately 3 weeks and can lay up to 1000 eggs if 

fertilized by a male (Sulston und Horvitz 1977; Kimble und Hirsh 1979). 
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Figure 2: The C. elegans life cycle at 25 °C. C. elegans developmental stages, from fertilization through the four larval stages 

L1-L4 to adulthood. The time an animal spends in a certain stage is indicated in hours, starting with fertilization as timepoint 

0. Each larval stage (blue) ends with a molt (black). There are two time points (L1 arrest and dauer; green) where animals can 

arrest their development. Image adapted from Altun and Hall, 2019. 

Animals may enter an arrested state, if environmental conditions are not favorable for post-embryonic 

development and further growth. They can arrest directly after hatching in the absence of food, where 

L1 animals halt the progression of development until food becomes available (Johnson et al. 1984). 

Another possibility to arrest development is during the L2 stage. Upon environmental changes, 

including a high population density, variation in the ambient temperature or the absence of food, an 

alternative L2d stage is formed (Golden und Riddle 1984). They will further develop to a normal L3 or 

to a dauer larva, depending on the persistence of the parameters. In the dauer stage, animals can 

survive for several months, by reducing their metabolism, feeding and locomotion. If dauer larvae 

experience favorable conditions, they can develop again to a normal L4 stage and finally to an adult 

animal (Riddle und Albert 1997; Hu 2007).  

 

3.1.2 Anatomy of the C. elegans nervous system and neuronal morphology 

The structure of the C. elegans nervous system has been described in extensive detail (Sulston 1983; 

White et al. 1986). The hermaphrodite nervous system is composed of 302 neurons and can be 

distinguished in a large somatic nervous system (282 neurons) and a functionally independent small 

pharyngeal nervous system (20 neurons) (Albertson und Thomson 1976). In the somatic nervous 

system of the (mid)body, neurons are located between the hypodermis and body wall muscles, where 

they are separated by a basal lamina. Most of the C. elegans neurons are clustered in several ganglia 
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in the head or in the tail, where they form the anterior, lateral, dorsal, ventral and retrovesicular 

ganglia (head) and the preanal, dorsorectal and lumbar ganglia (tail) (Figure 3). The majority of the 

neuronal processes are bundled into a neuropil, the nerve ring, expanding as dorsal and ventral nerve 

cord through the animal body to the tail. The ventral nerve cord contains scattered motoneurons, 

which send about 40 commissures to the dorsal nerve cord to control bidirectional locomotion (Schafer 

2016; Chisholm et al. 2016). 

 

Figure 3: The C. elegans nervous system. Overview of the nervous system of an adult hermaphrodite animal. The head ganglia 

consist of the ring ganglia (anterior, lateral, dorsal and ventral ganglion) (blue) and the retrovesicular ganglion (purple). The 

nerve ring (red) is the main region of the neuropil, located around the pharynx. It continues as ventral nerve cord and contains 

motoneuron cell bodies in addition to the process, which send commissures to the dorsal nerve cord. The tail ganglia consist 

of the preanal ganglion (yellow), the dorsorectal ganglion (green) and two lumbar ganglia (orange). Note that not all axon 

bundles are shown. Scale bar: 200 µm. Image adapted and modified from Hobson et al. 2016. 

Neurons have a quite simple morphology, they are typically polarized and extend two different types 

of neurites, an axon and a large number of dendrites (Chisholm et al. 2016). The C. elegans nervous 

system consists of monopolar or bipolar cells, extending one or two mostly unbranched processes, 

depending on their synaptic function. The majority of the neuronal processes are characterized by a 

mixed synaptic in-or output function, whereas some appear to function preferably as a dendrite or 

axon. Dendrites receive synaptic input from either sensory neurons or a small number of interneurons. 

In contrast, axons represent the output side of neuronal signals and make synaptic connections to 

other neurons or muscle cells, to form neuro muscular junctions (NMJ) (Corsi et al. 2015). They are 

often characterized by sporadic thickening of the process at pre-synaptic sites, mainly to provide the 

necessary volume for vesicle accumulation and storage (Hope 2005). Besides of simple axon formation, 

motoneurons that target muscle cells may have dendrites with several simple branches (HSN and VC4), 

except for two neurons (FLP and PVD) which form extensive dendritic branches throughout the animal 

(Colavita und Tessier-Lavigne 2003; Albeg et al. 2011).  
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3.2 Neurons are divided into functional classes within distinct neuronal circuits 

Neurons of the C. elegans nervous system can be categorized into three major groups based on their 

functional role and synaptic connectivity, called sensory-, moto-, and interneurons. Some of the 

neurons cannot be strictly classified, since they perform more than one functional modality (polymodal 

neurons), as predicted for the proprioceptive neurons (e.g. DVA interneuron, see chapter 3.4.3.) 

(Aamodt und Aamodt 2006). Another refined classification integrates the C. elegans neurons in 118 

anatomically distinct classes, based on their cell body position, symmetric morphology and neurite 

projection (Hobert 2016). The majority of sensory and interneurons are pairs of bilaterally symmetric 

neurons with similar synaptic connectivity (Hobert et al. 2002). In contrast, motoneurons along the 

body are organized in repeating groups, whereas head motoneurons can have a four- and up to six-

fold symmetry (Varshney et al. 2011; Hobert 2016). C. elegans neurons are named by two or three 

letters, indicating their class and position. Furthermore, neurons which are radially symmetrical have 

an additional letter for their left (L), right (R), dorsal (D) or ventral (V) localization.  

Neurons of the individual functional groups are arranged in a hierarchical order, forming neuronal 

circuits that convert environmental information into adaptive movement. There are simply structured 

neuronal circuits, where sensory neurons can communicate directly with motoneurons to modulate 

basic behavioral responses. Although in most circuits driving behavior, several layers of interneurons 

are necessary to integrate sensory information and relay it to motoneurons (Gray et al. 2005). Despite 

its simplicity regarding their neuronal quantity, neurons of a circuit are broadly interconnected by 

electrical and chemical synapses, resulting in rather complex neuronal networks regulating a variety 

of behavioral responses (White et al. 1986; Hall und Russell 1991).  

 

3.2.1 Sensory neurons perceive environmental cues 

The nematode C. elegans is capable of perceiving and responding to a wide variety of environmental 

cues, including chemical, olfactory, thermal and mechanical stimuli as well as the relative position of 

the body (proprioception) (Metaxakis et al. 2018). Thereby, the animal explores its environment and 

moves to favorable surroundings using chemo-, thermo- and aerotaxis. At the same time, the animal 

needs to recognize and escape from harmful and noxious stimuli using avoidance and escape 

behavioral responses (Schild und Glauser 2013). The perception of environmental cues is realized by 

the sensory nervous system, which comprises mostly ciliated sensory neurons (Figure 4). These ciliated 

neurons are embedded in sensillar organs (the amphid, phasmid and inner labial sensilla) and their 

dendrites penetrate the cuticle to directly or indirectly expose their sensory cilia to the environment, 

through openings generated by glial sheath and socket cells (Inglis et al. 2007). They express receptor 
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proteins, which interact with environmental cues and induce intracellular signaling pathways 

(Sengupta et al. 1996). The ciliated amphid and inner labial neurons are localized in the head, where 

they project their sensory dendrites towards the tip of the nose, whereas phasmid neurons are found 

in the tail (Ward et al. 1975). There are also sensory functions including oxygen sensation and 

mechanosensation, which are carried out by non-sensillar neurons.  

 

 

Figure 4: The C. elegans ciliated sensory neurons. Overview of the position of the ciliated sensory neurons, accumulated in 

the head ganglia (left panel) and occasionally located in the tail (right panel). The ciliated nerve endings are indicated by black 

boxes. Amphid neurons (ADF, ADL, ASE, ASG, ASH, ASI, ASJ, ASK, AWA, AWB and AWC), phasmid neurons (PHA and PHB), 

labial neurons (IL1, IL2, OLL and OLQ), cephalic neurons (CEP), anterior deirid neurons (ADE) and posterior deirid neurons (PDE) 

are indicated. Image adapted and modified from Bae und Barr 2008. 

Amphid sensory neurons have been found to be required for many chemosensory responses, most 

prominent are the ASE and ASH neurons, but also the ASI, ADF, ASG, ASJ, ASK and ADL neurons. 

Together with the IL2 inner labial neurons, as well as PHA and PHB, the two phasmid neurons in the 

tail, they recognize water-soluble compounds and repellents. The ASH neurons and the olfactory 

neurons AWA, AWB and AWC perform volatile chemotaxis (Bargmann et al. 1993; Bargmann 2006). 

Chemosensory stimuli can be either attractive or repulsive, of which the latter lead to an avoidance 

behavior. Carbon dioxide is sensed by the AFD, ASE and BAG neurons and oxygen by the ADF, ADL, 

ALN, ASH, PLN and SDQ neurons, whereas AQR, PQR and URX neurons can sense both gases (Chang et 

al. 2006; Zimmer et al. 2009; Bretscher et al. 2011). The sensory neurons participating in 

thermosensation are the AFD, AWC, ASI, FLP and PHC neurons (Beverly et al. 2011). Moreover, there 

are sensory neurons responding to mechanical stimuli, particularly they sense gentle and harsh body 

touch, nose touch and mediate proprioception. A group of sensory neurons, ALM, AVM, PLM, PVM, 

PVD, ADE and PDE sense gentle and harsh touch in the body, while ASH, OLQ, FLP, IL1 and CEP detect 

touch at the nose tip (Bounoutas und Chalfie 2007; Li et al. 2011). Other sensory neurons, for instance 
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the ASH neurons, have a more polymodal role, as they can sense oxygen as well as (noxious) chemical 

and mechanical stimuli (Kaplan und Horvitz 1993). The sensory information is transferred to the 

nervous system by sensory transduction. As already mentioned, receptor proteins located on the 

surface of sensory cells are activated through binding of chemical ligands or external mechanical force, 

which provokes a conformational change and an intracellular chemical alteration or ion transduction 

(Metaxakis et al. 2018). Genetic studies of sensation in C. elegans revealed ion channel families and 

GPCRs implicated in sensory transduction. Receptors with chemosensory and/or mechanosensory 

function are the odorant-specific GPCRs (for instance the olfactory receptor protein for diacetyl 

ODR-10), the degenerin/epithelial Na+ channels (Deg/ENaC) and the transient receptor potential (TRP) 

channels that are activated by mechanical stimuli (Sengupta et al. 1996; Colbert et al. 1997; Ben-

Shahar 2011). 

 

3.2.2 Interneurons integrate and process sensory information  

The most complex function is ascribed to the interneurons, which comprise the largest group of 

neurons in C. elegans. Each environmental stimulus generates various sensory cues, which must be 

integrated and assessed by the nervous system. Thus, the major task of interneurons within a neuronal 

network is the processing of information. To this end, they collect synaptic input from sensory neurons, 

compute or modulate a decision and relay an answer as output information to distinct motoneurons. 

The C. elegans interneurons are arranged in multiple layers, where they either can be direct targets of 

sensory neurons (first layer interneurons) or can be connected to other interneurons (second layer 

interneurons) (Tsalik und Hobert 2003). Thus, they are capable to communicate among themselves 

and to couple neuronal circuits to modulate multiple behavioral responses. Five pairs of pre-motor 

interneurons (command interneurons) receive and integrate inputs from sensory and upper layer 

primary and secondary interneurons and signal output information to motoneurons to coordinate 

locomotion (White et al. 1986) (Figure 5). The AVA, AVE and AVD command interneurons drive and 

modulate backward movement through direct innervation of the A motoneurons via chemical and 

electrical synapses. In contrast, forward motion is regulated by the AVB and PVC command 

interneurons that innervate B motoneurons via gap junctions or chemical synapses, respectively 

(Chalfie et al. 1985). Moreover, command interneurons are highly connected with each other, forming 

reciprocal synaptic connections as well as gap junctions (White et al. 1986).  
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Figure 5: The C. elegans command interneurons. Overview of the command interneurons functional circuit for locomotion. 

The command interneurons PVC, AVB, AVD, AVE and AVA synapse directly onto A- and B-type motoneurons of the ventral 

nerve cord or are highly connected themselves. Chemical synapses are indicated as arrows and electrical synapses as dashed 

lines. Image adapted from Walker et al. 2017. 

As already mentioned, command interneurons receive input from multiple layers of interneurons that 

integrate sensory information about environmental conditions and internal metabolic sate. Among 

them are the primary AIY, AIA, AIB and AIZ interneurons that mediate chemotaxis responses to 

coordinate attraction or avoidance behavior to water-soluble compounds. Additionally, they integrate 

information about gustatory and thermal stimuli, while AIY and AIB also mediate responses to olfactory 

stimuli and osmotic changes. They are coupled to a second layer of interneuron, comprising the RIB 

and RIM interneurons, which directly signal to the command interneurons (Tsalik und Hobert 2003; de 

Bono und Maricq 2005). Interestingly, interneurons also affect locomotion without having a direct 

synaptic contact to the command or nerve ring motoneurons through extrasynaptic monoaminergic 

and peptidergic neuromodulation. 

 

3.2.3 Motoneurons innervate muscle cells to regulate locomotion 

Neuronal circuits in C. elegans coordinate complex behaviors, comprising feeding, mating, egg-laying 

and defecation (Liu und Sternberg 1995; Riddle und Albert 1997; de Bono und Bargmann 1998; Collins 

et al. 2016). Furthermore, distinct motor programs involving motoneurons and groups of muscle cells, 

are responsible to generate different patterns of locomotion, which are the basis for all behavioral 

responses. Importantly, quantification of locomotion phenotypes in C. elegans is used to decode 
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molecular and neuronal function, using genetic mutations or neuron activity modification. In 

C. elegans locomotion has been described in many forms and is defined by two fundamental patterns, 

the crawling on a solid surface and the swimming in liquid. Thereby, animals propagate sinusoidal body 

bends alongside the body, opposing the direction of locomotion, driven by alternating dorsoventral 

muscle contractions (Gray und Lissmann 1964). 

C. elegans has 113 motoneurons, of which most are distributed along the ventral nerve cord, where 

they form either excitatory or inhibitory NMJs onto one or more muscle cells (Aamodt und Aamodt 

2006). Excitatory or inhibitory signaling is mediated via acetylcholine (ACh) and -aminobutyric acid 

(GABA) neurotransmitters, respectively. Therefore, muscle cells express one ionotropic GABA receptor 

and two ionotropic ACh receptor types, the levamisole-sensitive ACh receptor and the nicotine-

sensitive ACh receptor. The GABA receptor subunits are encoded by the unc-49 gene and activation 

triggers a chloride-mediated current, resulting in a muscle hyperpolarization and relaxation (Richmond 

und Jorgensen 1999). The levamisole-sensitive ACh receptor is built of five subunits, including three 

essential subunits (UNC-38, UNC-29 and UNC-63) and two non-essential subunits (LEV-1 and LEV-8) 

(Fleming et al. 1997; Richmond und Jorgensen 1999; Culetto et al. 2004). The levamisole-insensitive 

ACh receptor subunit is encoded by the acr-16 gene (Touroutine et al. 2005; Francis et al. 2005). Both 

ACh receptors are thought to be ligand-gated cation-selective channels that mediate excitatory 

neurotransmission and muscle contraction. However, there is evidence that ACh can also function as 

an inhibitory neurotransmitter by activating ligand-gated anion channels, selective for chloride 

(Putrenko et al. 2005). In addition, other GPCRs and neuropeptides can regulate transduction at the 

NMJ, for instance, the DVA interneuron releases NLP-12 neuropeptides to potentiate cholinergic 

transmission at the NMJ via the GPCR CKR-2, as described in chapter 3.4.3 (Dittman und Kaplan 2008; 

Hu et al. 2011; Stawicki et al. 2013). Most neurons in C. elegans are thought to transmit their 

information through passive propagation along high impedance neurons, as they are not able to fire 

regenerative action potentials and there is no evidence for genes coding for classical voltage-gated 

sodium channels in their genome (Bargmann 1998; Goodman et al. 1998). However, body wall muscle 

cells are able to convert depolarizing input into calcium-dependent, all-or-none electrical signals. 

Those are driven by the Cav1 L-type voltage gated calcium channel and the Kv1 voltage gated potassium 

channels (Gao und Zhen 2011). Thus, cholinergic and GABAergic input can reduce or potentiate action 

potential bursts to modulate muscle cell relaxation or contraction, respectively. C. elegans has 95 body 

wall muscle cells which are arranged in two rows of four quadrants along the anterior-posterior axis 

(Gjorgjieva et al. 2014). They are connected to the ventral or dorsal nerve cords, sending thin processes 

(muscle arms) to the motoneuronal axons where they form NMJs (von Stetina et al. 2006). Besides to 

chemical NMJs, muscle arms are also electrically coupled among each other by gap junctions (Yeh et 

al. 2009). 
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The 75 nerve cord motoneurons of C. elegans are divided into five classes, the A, B, D, VC and AS 

motoneurons, of which the A, B, and D classes are further sub-divided into innervating dorsal or ventral 

muscles (von Stetina et al. 2006). Each motoneuron has two neurites, a dendrite within the nerve cord 

receiving input from command interneurons or other motoneurons and an axon that forms NMJs. 

Neurons that innervate dorsal muscles have an additional commissure that brings the axon to the 

dorsal nerve cord (Gjorgjieva et al. 2014). Undulatory body movement is mainly regulated by the A, B 

and D motoneurons. A and B motoneurons form excitatory cholinergic NMJs with muscle cells and are 

connected by chemical synapses to the D-type motoneurons, which form inhibitory GABAergic NMJs 

onto muscle cells on the opposite side (McIntire et al. 1993) (Figure 6). Briefly, if the musculature 

contracts on the ventral or dorsal side upon excitation by A and B neurons, the opposing musculature 

relaxes due to inhibition by D motoneurons. Thus, D motoneurons are responsible for the contralateral 

inhibition of the ventral and dorsal side during forward and backward locomotion and enable the 

undulatory body bending of the animal (Gjorgjieva et al. 2014). Importantly, motoneurons of the same 

class are connected to their neighbors via gap junctions. 

 

 

Figure 6: The C. elegans body motoneuron circuit. Overview of the cholinergic and GABAergic motoneurons innervating 

ventral and dorsal muscle cells. Ventral cholinergic neurons excite ventral body wall muscles, leading to a body contraction on 

the ventral side. Dorsal cholinergic neurons send commissures to the dorsal side and excite dorsal body wall muscles. Ventral 

and dorsal GABAergic motoneurons are postsynaptic to cholinergic neurons and inhibit muscle cells on the opposite side of 

muscle contraction. Motoneuron cell bodies and processes are indicated as circles and extended lines, whereas arrows and 

arrowheads show the ACh and GABA release sites, respectively. Image adapted and modified from Han et al. 2015. 

A-type motoneurons (12 VA and 9 DA) get synaptic input from the AVA, AVD and AVE command 

neurons to modulate backward movement, whereas B-type motoneurons (11 VB and 7 DB) get 

information from the AVB and PVC command interneurons to regulate forward movement (Chalfie et 

al. 1985). Moreover, A motoneurons form gap junctions to the AS motoneurons. AS (11 dorsal) and VC 

(6 ventral) motoneurons innervate D-type neurons (13 VD and 6 DD), together with the A and B-type 
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neurons, providing dorsoventral cross-inhibition. It has been shown that AS motoneurons play a key 

role in the regulation of the dorso-ventral undulation bends during wave propagation (Tolstenkov et 

al. 2018). The quadrants of the head and neck muscles are independently innervated by nerve-ring 

motoneurons (RIM, RIV, RMF, RMG, RMH, RME, SMB, URA and IL1), resulting in a freely turning head 

and neck region separate from the rest of the animals’ body (White et al. 1986; Hall und Altun 2008). 

Other motoneurons have more specialized functions, for instance the polymodal neurons AVL and DVB 

innervate enteric muscles and are involved in defecation, whereas HSN neurons innervate vulval 

muscles and stimulate egg-laying (Avery und Thomas 1997; Collins et al. 2016).  

 

3.2.3.1 Locomotion strategies in C. elegans 

C. elegans has two fundamental forms of locomotion, crawling on a solid surface and swimming in 

liquid. If the animal swims in a liquid, the wavelength of undulation is almost twice the body length, 

leading to an alternating C-shape conformation at a frequency of about 2 Hz (Pierce-Shimomura et al. 

2008). On a solid surface, the nematode is exposed to high mechanical loads and the wavelength of 

the undulating body is less than a single body length, which produces a typical s-shape at a frequency 

of down to 0.3 Hz (Gjorgjieva et al. 2014). Dependent on the mechanical load, animals perform 

intermediate locomotory gaits with continuous variation in amplitude, frequency and wavelength. 

Furthermore, it has been proposed that swimming and crawling correspond to a single gait and are 

not qualitatively different (Berri et al. 2009). 

During crawling locomotion, C. elegans executes simple behavioral motives indicated as runs, reversals 

and turns, and changing the sequence of these motives over time are often described as navigation 

strategies (Gray et al. 2005). Thereby, the animal spends most of its time moving in a forward direction 

(run), interrupted by spontaneous transitions between locomotory modes, characterized as backward 

movement (reversal) associated with changes in direction (turn) (Croll 1975; Zheng et al. 1999). The 

behavioral motifs vary in themselves, while a run can be straight or curved, reversals can be long or 

short, and turns can be singular or occur in clusters, indicated as pirouettes, or can have a deep omega 

shape (Pierce-Shimomura et al. 1999; Gray et al. 2005). The C. elegans navigation is largely dependent 

on different sensory cues, giving insights about the internal state and the surrounding environment. 

Locomotion enables the escape from noxious stimuli or navigation towards preferred conditions 

(Cohen et al. 2012). For instance, changes in chemical gradients modulates the pattern of runs, 

reversals and deep turns during its biased random walk, resulting in a migration up or down a gradient, 

or in aggregation nearby positive surroundings (Sengupta und Samuel 2009). During this chemotaxis 

behavior, animals move in long forward runs, performing few sequences of pirouettes, to travel up a 

gradient of attractant. On the other hand, if animals travel down a gradient of attractant, they 
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pirouette more often (Pierce-Shimomura et al. 1999; Bargmann 2006). Besides this quickly change in 

direction during pirouette formation, a second mechanism for chemotaxis comprises a navigation 

strategy called weathervane navigation. Thereby animals respond to a spatial gradient of attractant 

with a more gradually movement towards higher attractant concentration (Iino und Yoshida 2009). 

C. elegans applies these both locomotion strategies to other behavioral responses too, such as thermo- 

or aerotaxis (Ryu und Samuel 2002; Cheung et al. 2005). With respect to this, a well described 

behavioral program comprises the switch between dwelling, area-restricted search and dispersal upon 

the presence or absence of food, which is known to be modulated by mechanosensation as well, as 

described in chapter 3.4. 

How the C. elegans motor circuit organizes bending waves along its body during forward and backward 

crawling locomotion is poorly understood. The undulatory motion of C. elegans, driven by the 

dorsoventral alternation in muscle contraction, is generated by rhythmically alternating bends, which 

propagate along the body in a forward or backward direction (Wen et al. 2012). A recent study has 

demonstrated that this pattern is introduced by central pattern generators (CPGs) and directional 

propagation of rhythmic body bending is supported by sensory feedback (proprioception), as known 

for other vertebrate and invertebrate locomotion (Xu et al. 2018). CPGs are characterized circuits of 

neuronal oscillators with intrinsic and rhythmic activities, independent of sensory or descending inputs 

(Marder und Bucher 2001). These oscillators are supposed to generate rhythmic dorsoventral bends 

during forward locomotion, induced by the B-type excitatory motoneurons, which are activated by the 

electric inputs from the AVB command interneurons via gap junctions. Simultaneously, the intrinsic 

activities are propagated between same class motor neurons by proprioceptive feedback, which 

modulates CPGs oscillatory properties and is necessary to drive undulatory wave propagation from an 

anterior to a posterior segment alongside the body (Xu et al. 2018; Wen et al. 2012; Wen et al. 2018; 

Kittelmann et al. 2013). Likewise, the A-type motoneurons function as the respective oscillators for 

backward crawling locomotion. Sinusoidal movement itself can also change during navigation, 

exhibiting rather shallow or deep bends. Interestingly, the regulation of omega turns and the 

amplitude of sinusoidal forward movement, is not mediated by the command interneurons, but rather 

initiated by the head and neck motoneurons and muscle cells (Gray et al. 2005).  

Different parameters of locomotion, such as velocity, the occurrence of directional changes and the 

curvature of the sinusoidal shape can be quantified using different animal-tracking systems, 

computational methods or video analysis tools (Husson et al. 2013a). The occurrence of a turn is 

usually defined as a bending curvature created between the head, mid-body and tail that exceeds 90 

degrees or more. During an omega turn, the bending curvature can further increase to an extent, 

where the head touches the tail and the animal takes on the shape of the capital Ω (Zhao et al. 2003; 
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Huang et al. 2006). The velocity is given as the relative position to a midpoint and is also characterized 

as speed for the distance traveled over time (Angstman et al. 2016). At last, the sinusoidal shape of 

the animal can be defined as bending angle, amplitude or wavelength (Albeg et al. 2011; Angstman et 

al. 2016) (Figure 7). The bending angle can be either calculated between the head, mid-body and tail, 

or is derived from a skeletonization and segmentation of the animal and is calculated between three 

adjacent skeleton points. In contrast, the bending amplitude is measured between the distance of the 

mid-point to the line connecting the most positive and negative stationary point, whereas the 

wavelength of the sinusoidal curvature is characterized as two times the distance between these two 

points (Feng et al. 2004; Albeg et al. 2011; Angstman et al. 2016).  

 

 

Figure 7: Calculation of the C. elegans sinusoidal body shape. The body curvature is measured as bending angle (Θ) between 

the head, mid-point and tail, and the value for the head-midpoint angle can be in the range between 0 and 90° (A). Angles 

that exceed 90° are indicated as turning maneuver (B). The wavelength λ is characterized as two times the distance between 

the most negative (N) and positive (P) points. Image adapted from Angstman et al. 2016. 

 

3.3 Neuronal signal transduction in C. elegans 

To switch between behavioral states, the C. elegans neuronal circuits use a variety of distinct signaling 

molecules to facilitate the communication between neurons and their target cells, such as fast-acting 

neurotransmitters, biogenic monoamines and modulatory neuropeptides (Rand und Nonet 1997; 

Ezcurra et al. 2011). Therefore, neuromodulators are released at synaptic connections as the site of 

transmission to alter the activity and properties of the responding cell. The morphology and functional 

properties of synaptic connections in the C. elegans hermaphrodite has been studied intensively using 

electron microscopy and a total number of about 7000 chemical synapses, 900 gap junctions and 1400 

NMJs have been identified so far (White et al. 1986; Varshney et al. 2011). Anatomical maps, however, 

are incomplete without the additional investigation of the excitatory or inhibitory nature of a synapse. 
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Furthermore, the identification of signaling molecules is still ongoing and an unfinished process. 

Besides, most neurons release more than one neuromodulator in a mixture of different synaptic vesicle 

types and neighbor neurons in close vicinity to the presynaptic release sites are most likely not 

addressed, since they do not express the proper transmitter receptor. Indeed, neuromodulators are 

likely to be widely transmitted and are able to spill over from synaptic clefts to address non-synaptic 

targets (Gendrel et al. 2016). Despite the relatively simple nervous system, the usage of a complex 

variety of signaling molecules allows the animal to adjust its behavioral responses accordingly to 

different environmental stimuli.  

 

3.3.1 Mechanism of neurotransmitter signaling at the chemical synapses 

In C. elegans, most of the classic fast-acting neurotransmitter molecules and neurotransmitter 

receptors are present, including ACh, glutamate and GABA. Neurotransmitters are synthesized in the 

synaptic terminal, where they are loaded into synaptic vesicles by distinct vesicular transporters using 

a proton gradient as a source of energy (Riddle et al. 1997b). The usage of direct staining methods and 

expression analysis of neurotransmitter specific enzymes has revealed distinct neurotransmitter 

systems for a variety of neurons (Pereira et al. 2015). Yet, a neurotransmitter identity has been 

assigned to 104 out of the 118 anatomically defined neuronal classes (Hobert 2013; Gendrel et al. 

2016). Most of the C. elegans neuron types use ACh as primary excitatory neurotransmitter, as they 

express the choline acetyltransferase (ChAT, encoded by cha-1) for ACh synthesis or the vesicular 

acetylcholine transporter (VAChT, encoded by unc-17) for the transport of the neurotransmitters into 

the vesicles. Glutamate is present in almost all of the C. elegans cells, but just 38 neuron classes express 

EAT-4/VGLUT, a vesicular glutamate transporter, to release glutamate as a signaling molecule 

(Serrano-Saiz et al. 2013; Metaxakis et al. 2018). Furthermore, only 9 classes release GABA as inhibitory 

neurotransmitter, which is synthesizes by a glutamic acid decarboxylase (GAD), encoded by the gene 

unc-25. However, there are GABAergic neurons lacking GAD and acquire GABA via transport by the 

plasma membrane transporter GAT, encoded by snf-11 (Mullen et al. 2006; Zhou und Danbolt 2013; 

Gendrel et al. 2016). These neurons lack the vesicular GABA transporter (VGAT, encoded by unc-47) 

and are therefore not able to use GABA for signal transduction. Next to the classical neurotransmitters, 

C. elegans uses biogenic monoamines for sensory information processing, which are used by 13 of the 

neuron classes (Chase und Koelle 2007). They are introduced in chapter 3.4.2. 
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3.3.1.1 Regulation of synaptic vesicle exocytosis 

At the C. elegans chemical synapse, calcium-induced exocytosis is regulated by a series of protein 

interactions and the mechanism of transmitter-filled vesicle release is highly conserved between 

nematodes and vertebrates, including humans (Barclay et al. 2012). Current models describe the 

mechanism of synaptic vesicle exocytosis in multiple steps, the docking, priming, and fusion (Südhof 

1995, 2004) (Figure 8). Each process is accompanied by the formation of a complex between vesicular 

components and molecules attached to the plasma membrane (Calahorro und Izquierdo 2018).  

 

 

Figure 8: The synaptic vesicle cycle. Overview of the synaptic vesicle pathway in the presynaptic nerve terminal. Synaptic 

vesicles are filled with neurotransmitters by active transport (1) and translocated to the active zone, where the synaptic 

vesicles are clustered as part of the reserve pool (2). The considerable steps of the calcium-dependent vesicle exocytosis are 

defined as docking (3), priming (4) and fusion (5). Vesicles attach to the active zone plasma membrane (docking), where they 

are primed for fusion in order to respond rapidly to an incoming calcium signal. Calcium influx, trough voltage-gated calcium 

channels, stimulates the fusion of the synaptic vesicles and release of neurotransmitters. Empty vesicles are endocytosed from 

the presynaptic plasma membrane (6) and recycled (7), where they get acidified and fuse with early endosomes. There, 

clathrin-coated vesicles are pinched off again to build a new pool of mature synaptic vesicles for a new cycle (8). Image 

adapted and modified from Kandel und Mack 2013. 

Synaptic vesicles are synthesized in the synaptic terminal, where membrane components and proteins 

are provided from clathrin-coated vesicles, pinched of from synaptic endosomes (Watanabe et al. 

2013). They are filled with neurotransmitters by active transport via the vesicular ATPase and specific 

transporters, e.g. AChT and transported to synaptic terminals by axonal transport, where they are 

clustered to form the reserve pool of about 240 vesicles near the synaptic plasma membrane with an 

electron-dense specification (active zone) (Hammarlund et al. 2007; Gan und Watanabe 2018). The 

core machinery for vesicle docking, priming and fusion is composed of the proteins of the soluble 

N-ethylmaleimide-sensitive factor attachment receptor (SNARE) (Söllner et al. 1993; Chen und Scheller 
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2001; Südhof 2004) (Figure 9). In C. elegans there are three conserved neuronal SNARE proteins, the 

vesicle associated synaptobrevin and the plasma membrane associated syntaxin and SNAP-25, which 

are encoded by snb-1, unc-64 and ric-4 respectively (Richmond 2007). During priming, the SNARE 

proteins form a tight complex with their -helices, whereas SNAP-25 contributes two of the four 

helices (Sutton et al. 1998). Thus, the vesicle and plasma membrane are arranged in close proximity 

and the docked vesicles subsequently become poised for fusion, but they remain blocked until the 

appropriate signal arrives. There are several proteins interacting with syntaxin and thus regulating the 

formation of the SNARE complex. One of these proteins is the UNC-18 (Munc-18 in mammals), which 

is supposed to regulate the interaction of syntaxin with the SNARE proteins synaptobrevin and 

SNAP-25 (Hata et al. 1993; Kee et al. 1995; Richmond et al. 2001). UNC-13 (Munc-13 in mammals) as 

the key priming factor, binds to the UNC-18-syntaxin complex to promote the open configuration of 

syntaxin required for the SNARE complex formation (Betz et al. 1997; Richmond et al. 1999; Brose et 

al. 2000). Synaptic vesicle exocytosis is highly dependent on the neuronal activity state. During 

sporadic neuron activity there are about two vesicles docked to the synaptic active zone at the NMJ 

and this number is increased to approximately 12 vesicles per minute and stimulus, during evoked 

activity (Liu et al. 2009). Subsequent vesicle fusion and exocytosis are initiated upon a rapid increase 

in intracellular calcium concentration, mediated via the voltage-gated calcium channels, the α-subunit 

of which is encoded by the unc-2 gene (Richmond et al. 2001; Saheki und Bargmann 2009). Thereby, 

the vesicles fuse with the plasma membrane in less than one millisecond to release the transmitter 

content into the synaptic cleft, separating the pre- and postsynaptic cells (Südhof 2013). 

Synaptotagmin-1 (encoded by snt-1) is an integral component of the synaptic vesicles and contains 

two C2 calcium binding domains. Thus, SNT-1 functions as the calcium sensor to promote a 

synchronous exocytosis (Xu et al. 2009; Yu et al. 2013) (Figure 9).  
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Figure 9: The synaptic vesicle exocytosis machinery. Depicted are the molecular core components of the neurotransmitter 

release machinery at the active zone. The docked synaptic vesicle (top right) is fused to the plasma membrane via the SNARE 

protein complex, comprising synaptobrevin, syntaxin and SNAP-25 (right). UNC-18 binds to syntaxin to regulate proper SNARE 

complex formation. The calcium sensor synaptotagmin-1 is associated to the synaptic vesicle membrane and contains two C2 

calcium binding domains (middle). The active zone protein complex, among other proteins (not shown), is composed of RIM, 

UNC-13, RIM-binding protein and the voltage-gated calcium channels (left). The RIM proteins bind to vesicular Rab proteins 

and to UNC-13, mediating vesicle docking and priming. Furthermore, RIM interacts with calcium channels via the RIM-binding 

protein, to provide fast transmitter release upon calcium influx. Image adapted from Südhof 2013. 

In the synaptic cleft, the neurotransmitter diffuses and binds to receptors at the postsynaptic cell, but 

also receptors expressed in neurons not distal to the presynaptic side can be activated. To terminate 

the signaling in the synaptic cleft, the transmitter is broken down by specific enzymes, or transported 

back into the cell via plasma membrane transporters. For instance, the acetylcholinesterase (AChE) 

breaks down ACh to choline and the product is taken up via the transporter AChT (encoded by the ace 

genes ace-1 to 3 and cho-1, respectively) (Pereira et al. 2015). 

 

3.3.1.2 Regulation of synaptic vesicle endocytosis and recycling 

During exocytosis, vesicular membrane components and proteins are incorporated into the 

presynaptic plasma membrane. Consequently, vesicular proteins have to be retrieved and 

reconstituted into new functional vesicles, to provide subsequent rounds of synaptic transmission 

(Harris et al. 2001). There are several assumed mechanisms of synaptic vesicle recycling via 

endocytosis, dependent on the duration and frequency of synaptic stimulation (Figure 10). The 

clathrin-mediated endocytosis is thought to consist of four initial steps, the recruitment, budding, 

fission and uncoating (Takei und Haucke 2001; Jung und Haucke 2007). During recruitment, the 

synaptic vesicular proteins are concentrated together with the clathrin-adaptor complex AP2, which 
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links clathrin to the site of endocytosis (Nonet et al. 1999; Royle et al. 2005). Subsequently, endophilin 

(encoded by unc-57) induces a budding of the clathrin-coated pits, which promotes the curving and 

invagination of the membrane (Huttner und Schmidt 2000). The coated pits are detached from the 

plasma membrane via the GTPase dynamin (encoded by dyn-1) that forms a collar around the neck of 

the budding vesicle (Sweitzer und Hinshaw 1998). In the last step, synaptojanin (encoded by unc-26) 

promotes the removal of clathrin and adaptor proteins (Takei und Haucke 2001). After the vesicles are 

uncoated, they fuse with the endosome, where vesicles pinch off again to build a new pool of mature 

synaptic vesicles. In the clathrin-mediated endocytosis, vesicles take about 10-20 seconds to be 

recycles based on this pathway (Watanabe et al. 2013; Kononenko et al. 2013). Thus, synapses with 

high firing rates may recycle their vesicles through a faster process, approximately within less than 

1 second, which is known as ‘kiss and run’ (Zhang et al. 2009). By this, vesicles are not fully fused with 

the membrane during exocytosis and reversible detached within approximately one second at the site 

of release in the active zone (Fesce et al. 1994; Watanabe et al. 2013). The membrane of the vesicle 

remains intact and the vesicular proteins are not transferred into the synaptic plasma membrane. 

Clathrin-mediated and ‘kiss and run’ endocytosis, however, are likely not the primary pathways for 

synaptic vesicle endocytosis, as they relied on either high-frequency stimulation or pharmacological 

methods to increase exocytosis (Watanabe et al. 2013). At the NMJ of C. elegans, there are much faster 

recycling processes been observed, called ultrafast endocytosis, which can take less than 

50 milliseconds upon a single stimulus of membrane depolarization in an intact nervous system, 

evoked by optogenetics. In contrast to the previous described endocytosis mechanisms, ultrafast 

endocytosis occurs at sites distal to the active zone, either directly adjacent to the dense projection or 

the adherence junction, flanking the synapses (Watanabe et al. 2013; Yu et al. 2018). Furthermore, 

much larger pits are detached from the plasma membrane by the GTPase dynamin and clathrin-

independent, forming endosomes from which synaptic vesicles are newly generated and recruited to 

the vesicle reserve pool (Cousin 2009; Kittelmann et al. 2013). Thus, ultrafast endocytosis does not 

support either ‘kiss and run’ nor clathrin-mediated mechanisms and is likely the preferred vesicle 

endocytosis pathway in C. elegans.  
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Figure 10: Known models for synaptic vesicle endocytosis. Overview of possible endocytic pathways, which differ in duration, 

location and molecules involved. Slow vesicle endocytosis is mediated via the coat protein clathrin (A), whereas ultrafast 

endocytosis is independent from clathrin (B). Both recycling processes occur at sites distant from the site of prior vesicle fusion 

and require the GTPase dynamin to pinch off the newly formed vesicle from the plasma membrane. In the ‘kiss and run’ model, 

vesicles are not entirely fused with the plasma membrane and detach rapidly after neurotransmitter release through a 

transient opening. Image adapted from Kononenko et al. 2013. 

 

3.3.2 Neuropeptide signaling 

Beside the classical neurotransmitter systems, C. elegans uses neuropeptides, supplementing the 

synaptic connections to additionally fine tune the activity of neuronal networks and increasing the 

ways in which behavior can be regulated (Li und Kim 2014). Thereby, neuropeptides act mainly apart 

from conventional synaptic connections, which are represented by the neuronal connectome. In 

C. elegans these peptides function likely as neuromodulators, as they can act at large distances. They 

bind GPCRs, causing long-term changes in the responding cells. Less frequently, neuropeptides can 

function as a fast transmitter, activating peptide-gated ion channels, similar to the classical 

neurotransmitters (Lingueglia et al. 1995).  

Although neuropeptides and neurotransmitters are co-localized in most of the C. elegans neurons, 

they exhibit many distinct differences regarding their biosynthesis, exocytosis and signal transduction. 

Neurotransmitters are locally synthesized near the active zone of the synaptic terminal, packaged into 

small synaptic vesicles and stored in the reserve pool (Südhof 2013). In contrast, neuropeptides are 

initially synthesized on ribosomes of the endoplasmic reticulum (ER), sequestered and processed 

within the secretory pathway through the Golgi network and transported down the axon in large dense 

core vesicles (Mains und Eipper 1999) (Figure 11). The transport of the dense core vesicles from the 

trans-Golgi network to the nerve terminals is dependent on the kinesin-1 and kinesin-3 (encoded by 

unc-116 and unc-104, respectively) (Hall und Hedgecock 1991; Goldstein und Yang 2000). In contrast 

to synaptic vesicles, which are released at the active zone of the synaptic terminals, dense core vesicles 

are most likely excluded from the active zone and dock at the plasma membrane at regions more 

evenly distributed along the axon. Thus, synaptic vesicle and dense core vesicle exocytosis may take 

place at different release sites (Hammarlund et al. 2008).  
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Figure 11: The neuropeptide biosynthesis pathway. Neuropeptide precursor proteins are synthesized on ribosomes of the ER 

and initially processed within the secretory pathway through the Golgi network. Final processing of the neuropeptides occurs 

during the dense core vesicle transport down the axon to the site of secretion, which can occur beyond the active zone of 

synaptic terminals. Image adapted from Mains und Eipper 1999. 

Similar to mammals, the docking and fusion of dense core vesicles in C. elegans involves the calcium-

activated protein for secretion (CAPS, encoded by unc-31) (Ann et al. 1997; Grishanin et al. 2002; 

Speese et al. 2007). CAPS is a multi-domain protein, containing a dynactin 1 binding domain (DBD), the 

C2 and PH domain, the Munc13 homology domain (MHD) and the dense core vesicle binding domain 

(DCVBD) (Ann et al. 1997) (Figure 12). UNC-31 functions in parallel to UNC-13 and interacts with 

syntaxin to promote its open state and the docking of dense core vesicles. Although UNC-31 has a 

structural and functional similarity to the UNC-13 protein, it has most probably just a minor role in the 

regulation of synaptic vesicle docking and fusion (Speese et al. 2007). Likewise, UNC-13 has a minor 

role in dense core vesicle docking, or at least is just responsible for the release of a small number of 

neuropeptides and dense core vesicle populations (Hammarlund et al. 2008). Thus, these related 

proteins largely promote docking of independent vesicle populations.  

 

Figure 12: UNC-31 functions in dense core vesicle docking and priming. UNC-31 docks dense core vesicles at the plasma 

membrane by binding with its C-terminal DCVBD to the dense core vesicle and with its N-terminal C2 and PH domains to the 

plasma membrane. The MHD domain interacts with syntaxin and UNC-18, promoting the formation of the SNARE complex for 

further docking and priming. Upon cellular calcium influx, the fusion of dense core vesicles with the plasma membrane is 

initiated. Image adapted from Lin et al. 2010. 
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Synaptic vesicles are released upon a rise of the intracellular calcium concentration, initiated by a 

single local stimulation event. In contrast, dense core vesicle release requires a general increase of 

calcium throughout the nerve terminal, which can occur after high-levels of repeated and prolonged 

stimulation, but also increases in cAMP levels can induce dense core vesicle release (Bruns und Jahn 

1995; Tandon et al. 1998; Salio et al. 2006). After dense core vesicle exocytosis and neuropeptide 

release, the signal transduction is terminated by peptide inactivation through proteolytic enzymes. 

Hence, neuropeptides are not recycled and have to be synthesized de novo (Li und Kim 2008).  

 

3.3.2.1 Neuropeptide families and their diversity  

Neuropeptides are the most variable and numerous types of neurotransmitters in C. elegans. Around 

119 neuropeptide genes have been identified so far, coding for more than 250 distinct peptides after 

processing of the precursor proteins (Li und Kim 2008, 2010; Chang et al. 2015). They are classified into 

three main families according to similarities in the amino acid sequence. The FMRFamide-like proteins 

(FLPs; or FMRFamide-related proteins FaRPs), the insulin-like proteins (ILPs, encoded by 40 genes) and 

the neuropeptide-like proteins (NLPs, encoded by 48 genes), which have no structural similarity to the 

FMRFamide- or insulin-like proteins (Nathoo et al. 2001; Frooninckx et al. 2012). They are expressed 

in all neuronal cell types, including sensory-, inter- and motoneurons, with overlapping expression 

patterns, but also in non-neuronal cells, including head and pharyngeal muscles, the intestine and 

gonadal cells (Kim und Li 2004; Husson et al. 2007). It has been shown that neuropeptides are involved 

in a variety of behavioral responses, including locomotion, egg-laying, stress responses, aggregation, 

sleep, male mating, learning and memory (Li und Kim 2008). However, the function of most of the 

C. elegans neuropeptides remains unknown.  

FMRFamide (Phe-Met-Arg-Phe-amide)-like proteins (FLP) are the most diverse and characterized 

neuropeptides in C. elegans, comprising at least 31 flp genes coding for more than 71 possible distinct 

FLP peptides (Nelson et al. 1998; Li et al. 1999; Li und Kim 2008). Proteins of this family all share a 

C-terminal Arg-Phe-NH2 motif and can significantly differ at the N-terminal extension to form 

secondary structures, which can in turn differ between peptides encoded by one gene. Thereby, the 

binding affinity of the peptide to its receptor is changed and the biological effect of the peptide is 

modulated. FLP neuropeptides regulate a variety of behavioral responses, where they primarily inhibit 

circuit activity. FLP-1 as well as FLP-18 neuropeptides have been shown to be expressed in a subset of 

command interneurons, where they modulate the locomotion behavior, suppressing overexcitation of 

the locomotory circuit (Kim und Li 2004; Stawicki et al. 2013). FLP-18 directly influences GABAergic 

transmission, to either inhibit contraction or to promote relaxation of muscle cells, whereas FLP-10 

and FLP-17 act in a cholinergic circuit to inhibit egg-laying behavior (Ringstad und Horvitz 2008). 
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Neuropeptides are derived from pre-propeptides, large precursor proteins, which have to be 

proteolytically cleaved and posttranslationally modified to yield the bioactive peptides (Figure 13). 

Thus, expression of the flp genes can be regulated at the level of transcription, as well as at the level 

of processing. Neuropeptide precursor molecule processing starts in the ER, upon entry into the 

secretory pathway, where the N-terminal signal peptide is removed by a signal peptidase, yielding a 

propeptide of about 66 to 184 amino acids (Mains und Eipper 1999; Li und Kim 2014). Further 

subsequent cleavage and modifications of the peptides occur in the Golgi network and in the dense 

core vesicles during their transport to the nerve terminal. The propeptides have a unique sequence of 

mono-, di- and tribasic residues, which are restriction sites for endoproteinases, which are cleaved by 

protein convertases. They recognize preferentially dibasic residues, usually lysin-arginine KR and 

arginine-arginine RR residues, cleaving them at their C-terminal end (Steiner 1998). In C. elegans, there 

are four genes kpc-1, kpc-2/egl-3, kpc-3/aex-5 and kpc-4/bli-4, coding for protein convertases of the 

kex2/substilisin-like proprotein convertase (KPC) family. They are also synthesized as precursor 

proteins and have to be alternatively processed for activation and promotion of their preference to 

different substrate targets (Thacker und Rose 2000; Husson et al. 2006). The majority of FLP 

propeptides are cleaved by the protein convertase KPC-2/EGL-3, which is processed by the protein 

SBT-1 (Husson et al. 2007). After the cleavage of the flp propeptides, the C-terminal basic residues are 

removed by the carboxypeptidase E, encoded by the egl-21 gene (Jacob und Kaplan 2003). The 

resulting peptides of about 5 to 24 amino acids are further modified by an amidation at the C-terminus, 

which is required for their bioactivity and to prevent immediate protein degradation, resulting in a 

prolongation of their effects (Li und Kim 2014). Donor of the amide group is the C-terminal glycine 

residue, which is processed by the enzymes peptidylglycine--amidating monooxygenase (PAM) 

PAMN-1 and peptidyl--hydroxyglycine -amidating lyase (PAL) PGAL-1 (Eipper et al. 1991; Eipper et 

al. 1993; van Bael et al. 2018).  
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Figure 13: Posttranslational processing of the neuropeptide FLP-1. After flp-1 gene translation, the pre-propeptide 

(Pre-Pro-FLP-1) is cleaved in the ER by a signal peptidase to remove the N-terminal signal peptide. Subsequently, the proprotein 

Pro-FLP-1 is further modified by the protein convertase KPC-2/EGL-3 to mono-, di- or tribasic residues, indicated as K and R. 

After cleavage of the proprotein, the carboxypeptidase EGL-21 removes the C-terminal basic residues, resulting in eight basic 

FLP-1 neuropeptides. To ensure their bioactivity and to prevent protein degradation, the peptides are additionally amidated 

at their C-terminus by the PAMN-1 enzyme. Image adapted from Li und Kim 2008. 

 

3.3.3 G-protein coupled-receptors (GPCRs)  

G-protein coupled receptors are the principal neuropeptide targets through which intracellular signal 

transduction pathways are initiated (Frooninckx et al. 2012). C. elegans has a large variety of GPCRs, 

of which about 150 are neuropeptide receptors and 28 bind small-molecule neurotransmitters (Hobert 

2013; Koelle 2018). Neuropeptide GPCRs have been investigated by their expression pattern and by 

identifying their receptor ligand(s) to determine the affected pathways (receptor deorphanization) 

(Frooninckx et al. 2012). The fact that neuropeptide GPCRs can bind more than one ligand and one 

peptide can bind multiple GPCRs with different affinities, complicates the mentioned intentions (Li und 

Kim 2008). Neuropeptide GPCRs are divided in a variety of receptor families, whereas the 

neuropeptide Y (NPY)/RFamide like receptor family (41 receptors) is the best characterized group and 

gets activated by FMRFamide-like peptides. Other families are the somatostatin and galanin-like 

receptor (24 receptors), the tachykinin (neurokinin)-like receptor (12 receptors) and the 

cholecystokinin (CCK)/gastrin-like receptor group (3 receptors). Furthermore, 14 receptors are 

assigned to the gonadotropin releasing hormone (GnRH), oxytocin (OT), vasopressin (VP)-like receptor 

group, 17 receptors to the neurotensin, neuromedin U (NMU), growth hormone secretagogue and 
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thyrotropin releasing hormone (TRH)-like receptor group and 9 receptors are members of the secretin 

family (Frooninckx et al. 2012).  

G-protein coupled signaling pathways are highly conserved among C. elegans and mammals (Figure 

14). In its inactive state, the seven-transmembrane receptor is bound to the cytosolic and inactive 

trimeric protein G. Upon ligand binding and activation, the receptor changes its conformation and 

acts as a guanine nucleotide exchange factor (GEF), catalyzing the release of GDP and the binding of 

GTP by the G subunit. The heterotrimeric G protein dissociates from the receptor and dissociates 

into the active G-GTP and G subunits (Bastiani und Mendel 2006). The G-GTP subunit regulates 

different intracellular effectors dependent on the G subtype Gs, Gi/o, Gq and G12/13 (encoded by 

21 G genes) (Jansen et al. 1999; Cuppen et al. 2003). Gq (encoded by egl-30) activates the 

phospholipase C (PLC, encoded by egl-8), which cleaves phosphatidylinositol 4,5-biphosphate (PIP2) 

into the second messengers diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3) (Sternweis und 

Smrcka 1993; Miller et al. 1999). IP3 binds and activates IP3-dependent calcium channels of the ER, 

thereby increasing the intracellular calcium concentration. DAG, together with calcium and 

phospholipids, binds and activates the protein kinase C (PKC), which influences the activity of 

downstream target proteins via phosphorylation. Furthermore, EGL-30 has been shown to stimulate 

the release of the neurotransmitter ACh at the NMJ. There, it binds and activates EGL-8, which 

catalyzes the cleavage of PIP2 into IP3 and DAG, which interacts with UNC-13 regulating the synaptic 

vesicle release of ACh trough syntaxin (Lackner et al. 1999). IP3 can bind to the ITR-1 calcium channel, 

leading to an intracellular calcium response (Bastiani et al. 2003; Baylis und Vázquez-Manrique 2012). 

Gs and Gi/o (encoded by gsa-1 and goa-1, respectively) act through an adenylylcyclase by stimulating 

(Gs) or inhibiting (Gi/o) its activity and thereby regulating the concentration of cyclic AMP, which in 

turn modulates cyclic nucleotide-gated ion channels (Bastiani und Mendel 2006). Furthermore, cyclic 

AMP activates the protein kinase A (PKA), which again can phosphorylate various target proteins 

(Sunahara et al. 1996). The G subtype G12/13 (encoded by gpa-12) activates Rho, a small GTP-binding 

protein, involved in a variety of pathways ranging from reorganization of the cytoskeleton to 

transcriptional regulation and control of cell growth and survival (Aznar und Lacal 2001; Yau et al. 

2003). Interestingly, the G subunit itself can interact with effector molecules, such as ion channels 

and the PLC by protein-protein interaction (Smrcka 2008). In C. elegans there are two G (encoded 

by gpb-1 and gpb-2) and two G (encoded by gpc-1 and gpc-2) protein subtypes (van der Voorn et al. 

1990; Chase et al. 2001). The termination of the G protein signaling is initiated by phosphorylation of 

the GPCR through GPCR kinases (GRKs) and regulators of G protein signaling (RGS) proteins encoded 

by egl-10 and eat-16, which leads to the internalization and re-composition of the Gγ-receptor 
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complex (Ferguson 2001; Patikoglou und Koelle 2002). Thereby, hydrolysis of GTP restores G-GDP, 

which then re-associates with G and the receptor.  



 

Figure 14: The G protein signaling pathway. Upon ligand (L) binding, the receptor changes its conformation, leading to the 

dissociation of the G protein complex and the binding of GTP to the G subunit. Dependent on the G-GTP subunit, 

different intracellular effectors and second messengers are addressed. Gq-GTP activates the phospholipase PLC, which 

catalyzes the cleavage of PIP2 to DAG and IP3. DAG activates the protein kinase C (PKC), whereas IP3 mediates calcium influx 

from the endoplasmatic reticulum (ER). Gi/s regulates the concentration of cyclic AMP (cAMP) through the adenylylcyclase 

(AC), resulting in the activation of the protein kinase A (PKA). The G subtype G12/13 regulates the activity of the GTP-binding 

protein Rho. Image adapted from Frooninckx et al. 2012. 

 

3.3.4 Electrical synapses 

Besides chemical synapses, C. elegans uses gap junctions to mediate intercellular communication. Gap 

junctions are intercellular channels, which connect the cytoplasm of adjacent cells, permitting the 

passage of small molecules for signal transduction and gene expression, as well as the electrical 

coupling between cells (Altun et al. 2009; Liu et al. 2013). Gap junctions in invertebrates are formed 

by innexins, encoded by 25 genes in C. elegans, which share no primary sequence homology with the 

vertebrate connexins, but are rather related to the vertebrate pannexins (Starich et al. 2001; Baranova 

et al. 2004). However, they share a similar topology and function, consisting of four transmembrane 

helices, two extracellular loops with two conserved cysteine residues and the N- and C-termini located 

on the cytoplasmic side (Simonsen et al. 2014). Functional gap junctions are formed of two hemi-

channels spanning the plasma membrane of adjacent cells, whereby each is composed of six innexin 

subunits, oligomerized to a hexagonal structure (Oshima et al. 2013) (Figure 15). The two hemi-

channels can be identical (homotypic gap junction) or they can differ (heterotypic gap junction). 

Furthermore, the hemi-channels can be composed of one or different types of innexin proteins, then 
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the gap junction is called homomeric or heteromeric, respectively (Koval et al. 2014; Hall 2017) (Figure 

15). In nematodes, gap junctions are often not homomeric, but heteromeric or heterotypic, 

particularly the hemi-channels consist of multiple different innexins or utilize different innexins at one 

or the other side of the junction (Hall 2017).  

 

A                                                                              B 

 

Figure 15: The structure of gap junction channels. A) Overview of the gap junction subunits, forming a hemi-channel, spanning 

each one of the plasma membranes of two adjacent cells. B) Model of gap junction channels, according to their subunit 

composition. The gap junction subunits can be composed of one (homomeric) or different types of innexin proteins 

(heteromeric). Furthermore, gap junction can differ in their hemi-channels (heterotypic). Image adapted and modified from 

wormatlas.org and Hall 2017. 

The 25 C. elegans innexins are found in almost all cell types and tissues, ranging from neurons, glia 

cells, pharyngeal and body wall muscle cells, to more complex tissues, such as the intestine and gonad. 

Therefore, innexins modulate a variety of distinct functions, including embryonic development, cell 

fate determination, oogenesis, egg laying, pharyngeal pumping, excretion and locomotion (Altun et al. 

2009). Especially in the C. elegans nervous system, 10 % of the synapses between neurons or at NMJs 

are comprised by gap junctions, whereas their pattern of contacts is often similar to the chemical 

synaptic network (White et al. 1986). Two innexins are widely co-expressed in the nervous system and 

in muscle cells, the UNC-7 and UNC-9 proteins, where they are required for the coordination of 

locomotion. Particularly, the innexin UNC-9 provides electrical coupling of body wall muscle cell arms, 

where it co-localizes with the stomatin-like protein UNC-1, insuring synchronous conduction of action 

potentials between neighboring muscle cells for synchronized sinusoidal movement along the body 

(Liu et al. 2011). Five other innexins have been identified to also contribute to electrical coupling in the 

body wall muscles, INX-1, -10, -11, -16 and -18, forming two populations of gap junctions (Liu et al. 

2013). 
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3.4 Mechanism of food mediated behavior in C. elegans 

C. elegans has an incredible ability to alter its behavior in response to changes in its external 

environment or its internal physiological state. One of the most crucial and influencing environmental 

changes is the variation in food availability and nutritional sources (Bhattacharya und Francis 2015). 

Thus, mechanisms by which behavior is regulated towards finding a food source are particularly 

important for the animal’s survival.  

The change in food availability alters C. elegans locomotion velocity, body bending extent and turning 

frequency (Figure 16). Well-fed animals exposed to food stay nearby a restricted area, by moving more 

slowly and enhancing their turning probability. This behavior is named basal slowing response or 

dwelling behavior (de Bono und Bargmann 1998; Sawin et al. 2000). However, these low-activity states 

are frequently interrupted by high speed movement with less turning events, indicated as roaming 

behavior (Ben Arous et al. 2009; Flavell et al. 2013). Upon removal from a food source, the animals 

immediately alter their pattern of locomotion and exhibit a behavior, known as local- and 

area-restricted search or pivoting behavior. Thereby, animals restrict their movement to the 

immediate environment where they initially experienced a food source, enhancing their turning 

frequency, reversal occurrence and body bending (Tsalik und Hobert 2003; Hills et al. 2004; 

Wakabayashi et al. 2004; Gray et al. 2005). With this foraging strategy the animal increases its chance 

to rediscover a nutrition source (de Bono und Maricq 2005). Furthermore, this behavior is not 

restricted to C. elegans, since insects and vertebrates use area restricted search as well (Kareiva und 

Odell 1987; Bell 1991; Benedix 1993). After a longer period (approximately 30 min) of unsuccessful 

food search, the animal shifts its locomotion to a dispersal or traveling behavior with longer runs, 

comprising uninterrupted forward movement, in order to explore larger areas to discover new food 

sources or expand their area if food supply is exhausted (Hills et al. 2004). If food-deprived animals 

encounter food again, they initiate a more pronounced enhanced slowing response, ensuring that 

animals do not leave their newly encountered food source (Sawin et al. 2000). In addition to 

locomotion, a variety of C. elegans behaviors are affected by food as well, including pharyngeal 

pumping, defecation and egg-laying (Trent et al. 1983; Avery und Horvitz 1990; Liu und Thomas 1994; 

Weinshenker et al. 1995).  
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Figure 16: Mechanism of food-mediated locomotion. Overview of the locomotion tracks during different food dependent 

behavioral states. Left: Animals exposed to a food source, move more slowly and increase their turning frequency to stay in a 

restricted area (dwelling). Frequently, dwelling behavior is interrupted by rapid locomotion across the food lawn (roaming). 

Middle: If removed from a food source, animals increase their turning rate, reversal occurrence and body bending (local- 

search). Right: After approximately 30 minutes without food, animals suppress reversals and exhibit long runs (dispersal). 

Image adapted and modified from Hendricks 2015. 

 

3.4.1 Chemo- and mechanosensory neurons involved in food recognition 

In C. elegans, changes in food availability are detected by highly developed sensory systems, which are 

triggered by changes in olfactory and gustatory cues, oxygen levels and mechanical stimuli (Sawin et 

al. 2000; Bargmann 2006; Zimmer et al. 2009). Subsequently, these sensory cues have to be integrated 

and transferred to the nervous system by sensory transduction, to switch between alternating patterns 

of locomotion and to adapt to the changing conditions. Thus, it is necessary to understand the 

mechanisms by which sensory neurons modulate downstream neuronal circuits that convert sensory 

information into adaptive movement to generate behaviors (Gray et al. 2005).  

The perception of olfactory and gustatory cues, as natural products of bacterial metabolism, are 

realized by the ciliated sensory neurons AWC, ASI and ASK (Bargmann 2006) (Figure 17). They play a 

central role in monitoring the availability of food in the environment by eliciting attraction or 

avoidance behaviors. Upon removal from bacterial food, animals initiate a local-search behavior, 

induced by the activation of AWC olfactory and ASK gustatory neurons, which in turn signal and 

activate downstream AIB interneurons, involved in the control of backward movement. The AIB 

interneurons are likely to signal via a second layer of interneurons, for instance they have large 

synaptic output to RIB interneurons. Information from the interneurons is transmitted to the muscle 

cells by the head motoneurons RIV and SMD, and by the command neurons AVA. Accordingly, forward 

movement is interrupted by high angle turns and spontaneous reversals, respectively (Gray et al. 2005; 

Chalasani et al. 2007). After longer food deprivation, reversals and turns are suppressed by ASI 

gustatory neurons and the AIY interneurons, which promote forward movement and gradual turnings 
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by inhibiting AVA and the head motoneuron RIM (Gray et al. 2005; Iino und Yoshida 2009). Thus, in the 

presence of food, these neuronal mechanisms are likely silent and not active (Wakabayashi et al. 2004). 

Furthermore, ASK and AWC neurons contribute to the food-dependent stimulation of egg-laying 

(Sawin 1996). 

 

 

Figure 17: A neuronal network for food sensation. Overview of the functional navigation circuit mediating food attraction or 

avoidance behavior. Ciliated amphid sensory neurons AWC and ASK are activated upon food removal to promote reversals 

and turns during local-search behavior. They may act by inhibiting AIY and stimulating AIB, RIB and RIM interneurons. Omega 

bends and turns are generated by RIV and SMD motoneurons, whereas AVA command interneurons regulate reversals. The 

AWC and ASK neurons are inhibited by the ASY gustatory neurons to suppress reversals and turns, in order to exhibit a dispersal 

behavior. Pathways that promote and inhibit reversals and turns are indicated in red and blue, respectively. Image adapted 

from Gray et al. 2005.  

Regulation of the AWC sensory neurons activity is mediated through odorant-specific GPCRs and 

specific sensory transduction components, which are located in the membrane of their sensory cilia 

(Figure 18). Putative GPCR ligands are the odors benzaldehyde, butanone, isoamyl alcohol and 

2,3-pentadione, which are sensed as attractive by the AWC neurons (L'Etoile et al. 2002). Upon GPCR 

ligand binding, the Gi-like G proteins ODR-3 and GPA-2 regulate the activity of the transmembrane 

guanylyl-cyclase ODR-1 and DAF-11 (L'Etoile und Bargmann 2000; Birnby et al. 2000). Consequently, 

odor-induced changes in the intracellular cyclic GMP levels control the activity of the cyclic GMP-gated 

cation channel, comprising the subunits TAX-2 and TAX-4. While the α-subunit TAX-4 is sufficient to 

form a channel on its own, the TAX-2 -subunit is supposed to regulate the TAX-4 activity (Coburn und 

Bargmann 1996; Komatsu et al. 1999). Particularly, the TAX-4/TAX-2 channel is required for the 

function of many sensory neurons, as mutants for the tax-2 and tax-4 genes are defective in 

chemotaxis of water-soluble compounds and volatile odors by ASE and AWC, respectively (Bargmann 

2006). Thus, in the absence of food and odorants, AWC neurons exhibit high intracellular calcium levels 

mediated by activated TAX-4/TAX-2 channels. Upon odorant stimulation, these channels are 

inactivated, leading to a decrease of calcium levels and a hyperpolarization of the AWC neurons 

(Maruyama 2016).  
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Figure 18: Signaling pathway for odor detection in AWC neurons. Odors are sensed by GPCRs and activate the Gi subunit 

ODR-3, which promotes cyclic GMP (cGMP) production by guanylyl cyclases DAF-11 and ODR-1. Increased intracellular cGMP 

levels open cGMP-gated cation channels, encoded by tax-4 and tax-2 and promote depolarization of the neuronal cell. ODR-3 

regulates cGMP consumption by activation of phosphodiesterases. Image adapted from Bargmann 2006.  

As already noted, sensory information about food availability is transmitted by mechanosensory 

transduction as well. Upon entering of a bacterial food lawn, C. elegans initiates the basal slowing 

response, which is associated with the sensation of the bacterial surface texture by the dopaminergic 

neurons (Sawin et al. 2000). In the C. elegans hermaphrodite, there are 8 dopaminergic neurons, two 

bilateral pairs of cephalic neurons (CEP) and one pair of anterior and posterior deirid neurons (ADE 

and PDE) (Sulston et al. 1975) (Figure 19). The CEP and ADE neurons are localized in the head, where 

CEP neurons extend ciliated sensory processes to the tip of the nose. CEP neurons receive synaptic 

input from mainly OLL, ALM and RIS neurons and send synaptic output to a variety of neuronal 

partners, including RIC, RMH, RMD, AVE, QLQ, OLL and AVE neurons. ADE neurons lie posteriorly and 

ventrally to the terminal bulb of the pharynx and their ciliated processes extend to the ring and ventral 

ganglion neuropil, where they synapse mainly to FLP, RIG and AVA neurons. The PDE neurons are found 

in the posterior half of the body, between the vulva and the tail. They send ciliated processes to the 

ventral nerve cord, where they branch to the anterior and posterior side. Interestingly, they receive 

synaptic input from mainly PVM and PLM neurons and send extensive output to DVA and AVK neurons 

(White et al. 1986). 
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Figure 19: The dopaminergic neurons of C. elegans. Overview of the dopaminergic neurons CEP, ADE and PDE in an adult 

hermaphrodite animal. Four CEP and two ADE neurons are located in the head and two PDE neurons in the posterior of the 

body. CEP neurons extend their processes to the tip of the nose, ADE neurons to the ring and ventral ganglion of the head and 

PDE neurons to the ventral nerve cord. The dopaminergic neurons are depicted in green and the key anatomical features are 

indicated. Image adapted from Chege und McColl 2014. 

The ciliated endings of the dopaminergic neurons are embedded in the cuticle, where mechanical 

stimuli activate mechanosensitive cation channels, which leads to a fast inward current and a 

depolarization of the neuronal cells (White et al. 1986; Perkins et al. 1986; Delmas und Coste 2013). 

Thus, because of the rapid latency of the response within microseconds, second messenger pathways 

are likely not accountable for mediate mechanosensory signaling (Walker et al. 2000). Instead, 

mechanical stimuli are presumed to directly gate these channels, which are activated by a variety of 

stimuli, including sound, pressure, stretch and gravity (Gillespie und Walker 2001; Christensen und 

Corey 2007). There are different models explaining the opening of the mechanosensitive channels 

upon application of force. One involves a ‘dual-tether’ hypothesis, whereby the receptors are linked 

intracellularly to the microtubules and extracellularly to the proteins of the extracellular matrix. Upon 

force application, the receptor channel is moved between the two points of contact, producing a 

tension that finally opens the channel (Bounoutas und Chalfie 2007). The other model describes a 

tethering of the channel only to the extracellular side. Induced force onto the channel changes the 

surrounding bilayer arrangement of the membrane, leading to a stretching of the membrane and 

opening of the channel (Kung 2005; Christensen und Corey 2007).  

In C. elegans mechanosensation, modalities such as touch and proprioception are mostly mediated, 

among other ion channels, by some members of the transient receptor potential (TRP) channels. The 

C. elegans genome encodes for 24 TRP channels, which are divided in seven major subfamilies (Kahn-

Kirby und Bargmann 2006). These cation channels are found in vertebrates and invertebrates, where 

they cover a large range of functions, including calcium signaling and chemosensory transduction 

(Colbert et al. 1997; Scott und Zuker 1998). Some of them are directly gated by force to transduce 

mechanical stimuli into electrical signals (Gillespie und Walker 2001; Christensen und Corey 2007). The 

ionotropic mechanoreceptor TRP-4, an ortholog of the Drosophila melanogaster and zebrafish nompC 
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channel, is highly enriched in all dopaminergic neurons and DVA interneurons in C. elegans, where 

they are required for the food mediated basal slowing response, nose touch avoidance behavior and 

proprioception (Li et al. 2006). 

 

3.4.2 Monoamines involved in the regulation of food related behavior 

Beside the fast-acting neurotransmitters, there are four biogenic amines in C. elegans, serotonin, 

octopamine, tyramine and dopamine, which act to modulate behavior in response to changing 

environmental cues (Chase und Koelle 2007). Particularly, they have been reported to be involved in 

egg laying behavior, pharyngeal pumping, locomotion and learning, as well as defecation and foraging. 

Moreover, biogenic amines are shown to be important in the control of food-related behavior (Ezcurra 

et al. 2016).  

Serotonin is involved in the modulation of multiple C. elegans behaviors in relation to changes in food 

availability (Waggoner et al. 1998; Nuttley et al. 2002; Churgin et al. 2017). In the presence of food, 

serotonin is released from the dopaminergic neurons to promote slowing of the animals, thus directly 

modulating effects on locomotion (Horvitz et al. 1982; Sawin et al. 2000). For instance, serotonin 

released by the NSM neurons activates the serotonin-gated chloride channel MOD-1 in AIY neurons to 

induce low-amplitude locomotion behavior and dwelling (Sawin et al. 2000; Churgin et al. 2017). In 

contrast, if animals are food deprived, the ADF neurons release serotonin onto muscle and neuronal 

cells, expressing the SER-5 GPCR to suppress quiescence and induce roaming behavior (Churgin et al. 

2017). Serotonin has been reported to be expressed in VC4, VC5 and HSN neurons to directly control 

egg-laying behavior via the SER-1 receptor, expressed in vulva muscles (Waggoner et al. 1998; 

Dempsey et al. 2005; Carnell et al. 2005). SER-1, together with SER-4 and SER-7, are expressed in 

pharyngeal muscles to directly regulate pharyngeal pumping and feeding behavior by serotonin 

signaling (Hobson et al. 2003; Tsalik et al. 2003). The biogenic amine octopamine has been shown to 

regulate hyperactivity and roaming behavior in food deprived animals. It is produced by the RIC 

neurons and acts on SER-3 and SER-6 receptors in SIA neurons. Thereby, starved animals are motivated 

to look for a food source (Yoshida et al. 2014). Thus, serotonin and octopamine antagonize each other, 

regulating dwelling and roaming behavior in the presence and absence of food, respectively (Churgin 

et al. 2017). Moreover, octopamine mediates the control of olfaction and gene expression, regulated 

by the present feeding state (Suo et al. 2006; Noble et al. 2013). Tyramine, another biogenic amine, is 

associated with the regulation of threat-reward decision making and osmosensation (Ghosh et al. 

2016). If animals are exposed to food, RIM neurons release tyramine to activate ASH neurons via the 

TYRA-2 receptor and promote avoidance behavior towards a hyperosmotic environment. Under low 

tyramine levels and in the absence of food, the ASH neurons are inactivated and their osmosensitivity 
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is decreased. Thus, animals are not repelled by a hyperosmotic barrier during the search for a 

nutritional source (Ghosh et al. 2016; Metaxakis et al. 2018). Together with serotonin, octopamine and 

tyramine are involved in the regulation of egg-laying and feeding as well (Horvitz et al. 1982; Rogers et 

al. 2001; Rex et al. 2004; Alkema et al. 2005).  

 

3.4.2.1 Dopamine signaling  

Dopamine is one of the most thoroughly investigated biogenic amines involved in the regulation of 

food-dependent C. elegans behaviors. Its role as a neuromodulator, alongside with neuropeptides, is 

indeed relevant, as it is able to influence the intrinsic properties of neurons within a circuit as well. 

Thereby, it can act on both pre- and postsynaptic sides during neuronal transmission, but also on 

remote extrasynaptic sites, where it possibly interacts with other monoamine and neuropeptide 

systems (Pereda et al. 1994; Sawin et al. 2000; Ezcurra et al. 2011; Ezcurra et al. 2016, 2016). Dopamine 

is synthesized from tyrosine, which is catalytically transformed to levodopa (L-DOPA) by the tyrosine 

hydroxylase CAT-2. Subsequently, L-DOPA is further converted to dopamine by the aromatic L-amino 

acid decarboxylase BAS-1, packed into presynaptic vesicles by the vesicular monoamine transporter 

CAT-1 and released into the synaptic cleft upon neuronal stimulation (Suo et al. 2004; Chase und Koelle 

2007). There, it binds to distinct dopaminergic receptors or is recycled upon reuptake into the 

presynaptic cell by the dopamine transporter DAT-1 (Felton und Johnson 2014). Both, the dopamine 

transporter DAT-1 and the tyrosine hydroxylase CAT-2, are expressed solely in the dopaminergic 

neurons ADE, CEP and PDE (Lints und Emmons 1999; Nass et al. 2002). 

There are six dopamine GPCRs reported in C. elegans, DOP-1 to DOP-6, which are mostly localized in a 

unique manner, but are also co-expressed in distinct neurons (Suo et al. 2002, 2003; Keating et al. 

2003; Chase et al. 2004). They are highly related to mammalian dopamine receptors and can be 

analogously classified into D1- and D2-type receptors, based on their sequence similarities, 

pharmacological profiles and biochemical properties (Suo et al. 2004). Members of the D1-like 

receptors (DOP-1, DOP-4 and probably DOP-5) are known to act through a Gq-mediated signaling 

pathway, whereas the D2-like receptors (DOP-2, -3 and -6) act through the G-protein G0 (Chase et al. 

2004; Ardiel et al. 2016) (Figure 20). In the G-protein Gq-mediated pathway, the PLC protein EGL-8 

is stimulated to convert PIP2 to IP3 and DAG. The latter recruits UNC-13 to stabilize syntaxin in the open 

state to mediate vesicle exocytosis by forming a SNARE complex. In contrast, G0 signaling is poorly 

understood. G0 activation in D2-like receptors leads most probably to an inhibition of 

neurotransmitter release by decreasing DAG levels (Nurrish et al. 1999; Miller et al. 1999; Chase et al. 

2004). Thus, it is suggested that the Gq- and G0-mediated pathways antagonize each other. 
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Furthermore, Gq- and G0-mediated pathways can influence each other, by the RGS proteins EGL-10 

and EAT-16, which are GTPase activating proteins that inhibit GOA-1 (G0) and EGL-30 (Gq), 

respectively (Koelle und Horvitz 1996; Hajdu-Cronin et al. 1999). Both RGS proteins use the G5 protein 

GPB-2 as an obligate subunit (Chase et al. 2001; Chase et al. 2004, 2004).  

 

 

Figure 20: The dopamine receptor signaling pathway. Overview of the antagonistic dopaminergic D1-like and D2-like G-

mediated signaling pathways. The D1-like receptor DOP-1 activates the Gq protein EGL-30, which stimulates the PLC protein 

EGL-8 to convert PIP2 to IP3 and DAG. The G0 protein GOA-1 activation in D2-like receptor DOP-3 results in a depletion of 

DAG signaling. The RGS proteins EGL-10 and EAT-16, together with the G5 subunit GPB-2, inhibit GOA-1 and EGL-30, 

respectively. Thus, dopamine promotes and inhibits locomotion in C. elegans, by binding to DOP-1 and DOP-3, respectively. 

C. elegans proteins are shown in ovals alongside with their mammalian homologs. Image adapted from Allen et al. 2011.  

Since dopaminergic receptors are rarely expressed in cells that are synaptically connected to the ADE, 

CEP and PDE neurons, dopamine is likely to act humorally in extrasynaptic communication pathways, 

as previously shown in mammalian systems (Yung et al. 1995; Gonon 1997). Furthermore, 

dopaminergic neurons express dopamine receptors themselves, for instance DOP-2 in the ADE 

neurons, where it functions as an auto-receptor to regulate dopamine synthesis and release (Cass und 

Gerhardt 1994). 

As already indicated, the dopaminergic neurons CEP, ADE and PDE are involved in the basal slowing 

response by mechanical sensing of the bacterial texture. Upon mechanosensory stimulation, these 

neurons release dopamine to distinct inter- and motoneurons to initialize a slowing of locomotion 

(Sawin et al. 2000). It has been shown that this behavioral response requires the enzyme CAT-2 and 

CAT-1 for dopamine synthesis and vesicle loading, respectively. Moreover, the basal slowing response 

can be alternatively initiated by exogenous dopamine exposure or suppressed by the dopamine 

antagonist raclopride (Sawin et al. 2000; Hills et al. 2004). Dopamine acts extrasynaptically on 
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cholinergic motoneurons expressing the receptors DOP-1 and DOP-3 to modulate locomotion. 

Thereby, DOP-3 acts via G0 in the cholinergic and GABAergic motoneurons to inhibit locomotion and 

signaling through DOP-1 and Gq in the cholinergic motoneurons, which antagonizes DOP-3 signaling 

(Chase et al. 2004; Allen et al. 2011). Consequently, co-expression of DOP-3 and DOP-1 in cholinergic 

motoneurons inhibits and enhances ACh release from these cells, respectively, to fine-tune locomotion 

responses. Additionally, dopaminergic neurons participate in the area restricted search upon food 

removal, proposed in combination with glutamatergic signaling of the locomotory circuit. The 

command interneurons express the glutamatergic iGluR receptors GLR-1 and GLR-2 and receive 

synaptic input from the dopaminergic neurons (White et al. 1986; Hart et al. 1995; Maricq et al. 1995). 

Recent studies have shown that both the iGluR receptors and the glutamate vesicular transporter 

EAT-4 are required to mediate area restricted search in C. elegans (Hills et al. 2004). Thus, 

dopaminergic signaling may directly modify iGluR receptors to control the frequency of high-angle 

turns during area restricted search. In sum, dopamine plays at least two distinct roles in the food-

dependent modulation of locomotion by decreasing locomotion speed and enhancing high angle turns 

and reversals.  

Dopamine signaling is linked to a variety of other behaviors, for instance to the slowing of touch 

habituation in the presence of food. Thereby, dopamine acts on ALM gentle touch neurons through 

the DOP-1 receptor to inhibit sensory adaptation and to maintain gentle touch sensitivity (Kindt et al. 

2007). Other targets for dopamine signaling are the ASH neurons, which express the DOP-4 receptor 

to sensitize responses to aversive osmotic and chemical stimuli (Ezcurra et al. 2011). Another previous 

study has shown that dopamine, together with serotonin released from the ADE and PDE neurons, are 

responsible for the gait switching from swimming to crawling (Vidal-Gadea et al. 2011). At last, 

together with other biogenic amines, dopamine regulates feeding and egg laying behaviors as well 

(Schafer und Kenyon 1995; Vidal-Gadea und Pierce-Shimomura 2012). 

 

3.4.3 The interneuron DVA regulates local-search behavior via neuropeptide signaling 

C. elegans moves by bending its body in a sinusoidal wave and its shape is regulated by proprioception, 

an active state, by which the animal is able to sense its relative body posture and stretching (Bounoutas 

und Chalfie 2007). Several studies have implemented the interneuron DVA to be activated by body 

stretch as a sensory feedback to regulate body bending (Li et al. 2006; Hu et al. 2011; Bhattacharya et 

al. 2014) (Figure 21). The DVA cell body is localized in the dorsal rectal ganglia of the tail and it sends 

a process through the entire length of the ventral nerve cord up to the nerve ring (Robinson et al. 

2013). Bending of the body stretches the DVA axon plasma membrane, thus DVA is likely to sense body 

muscle contraction (Li et al. 2006; Hu et al. 2011). DVA expresses the mechanosensory transient 
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receptor potential channel TRP-4, a member of the mechanosensory TRPN channels, which are 

activated during stretching of the plasma membrane and consequently stimulate DVA. Thus, TRP-4 

acts in DVA to regulate the extent of body bending during forward locomotion (Li et al. 2006). These 

behavioral effects are mediated through the neuropeptide NLP-12, a C. elegans homologue of 

mammalian cholecystokinin, which is solely expressed in DVA (Bhattacharya et al. 2014). Upon muscle 

contraction, DVA gets activated and initiates the secretion of NLP-12, to alter transmission at the NMJ 

by enhancing ACh release (Hu et al. 2011). Pharmacological approaches have revealed that the 

neuropeptides encoded by the nlp-12 gene bind to and activate the cholecystokinin-like receptor 2 

(CKR-2) GPCR with high affinity in vitro (Janssen et al. 2008). Indeed, signaling of NLP-12 through CKR-2 

in cholinergic motoneurons enhances ACh release to potentiate transmission at the NMJ and 

modulates the pattern of locomotion (Hu et al. 2011; Frooninckx et al. 2012). Postsynaptic targets of 

DVA include command interneurons, as well as motoneurons, for instance AVE, AVA, AVB, PVC, SMB, 

VA, VB and DB neurons, which are directly involved in the regulation of locomotion and possibly in the 

control of proprioception via NLP-12/CKR-2 signaling (White et al. 1986; Bhattacharya und Francis 

2015).  

Interestingly, the interneuron DVA is involved in the regulation of local-search behavior and thus serves 

as a discrete example for how dopamine modulates neuropeptide signaling, in response to changes in 

the availability of food. C. elegans initiates local-search, by inducing deep body bends and enhanced 

turning, which has been shown to be regulated by the neuropeptide NLP-12, released from DVA 

(Bhattacharya et al. 2014) (Figure 21). Moreover, the interneuron DVA is located postsynaptically to 

the PDE neurons and DVA expresses the dopamine receptor DOP-1. Thus, PDE and possibly other 

dopaminergic neurons signal to DVA to modulate food-dependent locomotion (White et al. 1986; 

Sawin et al. 2000; Bhattacharya et al. 2014; Bhattacharya und Francis 2015). As already mentioned, 

DVA is activated by stretch via the TRP-4 channel, in order to modulate the extent of body bending (Li 

et al. 2006; Hu et al. 2011). Consequently, during local-search, increased body movement induces 

NLP-12 secretion as well, which further promotes high rates of locomotion through enhanced ACh 

signaling and muscle activation.  
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Figure 21: The interneuron DVA is involved in a mechanosensory feedback mechanism during local-search behavior. 

Schematic overview of the neuronal circuit modulating locomotion via DVA and NLP-12. During local-search, the stretch-

sensitive neuron DVA gets activated by the dopaminergic neurons via the DOP-1 receptor. As a consequence, DVA secretes 

NLP-12 to command interneurons and motoneurons, resulting in a potentiation of ACh transmission at the NMJ and muscle 

contraction. Induced deep body bending, in turn, activates the DVA neuron via the TRP-4 channel. Solid black arrows indicate 

direct synaptic connections or sensory input, whereas extrasynaptic actions are represented by a dashed line. The 

proprioceptive feedback mechanism is shown as curved arrow. Image adapted from Bhattacharya und Francis 2015. 

Other neuropeptides released by distinct interneurons may play a key role in the modulation of 

neuronal circuit activity upon changes in food availability as well. For instance, FLP-1 is involved in food 

modulation of egg-laying, whereas FLP-18 is implicated in chemosensation and foraging behavior. 

Additionally, peptides from the NLP family regulate food-dependent sensory plasticity (Cohen et al. 

2009; Waggoner et al. 2000; Harris et al. 2010).  

 

3.5 Optogenetic applications to investigate neuronal networks 

In order to understand distinct neuronal circuits, it is important to be able to determine the function 

of specific cell types and neural pathways and to understand how these elements contribute to the 

regulation of complex behavior. Therefore, the capability to manipulate and monitor the activity of 

specific neurons within a circuit during behavior is an essential requirement and needs distinct optical 

approaches. In neuroscience, this is achieved by optogenetic tools, which are genetically encoded 

molecules, targeted to specific neurons in a nervous system, to drive their activation or silencing, by 

directly eliciting electrical currents if exposed to light (Boyden 2011).  

The origins of optogenetics are primarily associated with the discovery of microbial rhodopsins, 

comprising light driven ion channels or pumps and photoreceptors in archaea, eubacteria, fungi and 

algae (Sharma et al. 2006). This includes one of the most important achievements in 2003, the 

characterization of the Channelrhodopsin-2 (ChR2), a light-gated ion channel, whose photoactivity was 

first observed in oocytes from Xenopus laevis and human embryonic kidney (HEK) cells. Heterologous 

expression of ChR2 and subsequent illumination with blue light led to a plasma membrane 

depolarization in a millisecond timescale by fast proton- and cation-driven inward currents (Nagel et 
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al. 2003). Because of the fast on-off kinetics of microbial rhodopsins, neuronal activities can be 

modulated within a time scale comparable with physiological nervous system function (Mei und Zhang 

2012). Two years later, in 2005, ChR2 was initially applied to induce action potentials and spiking in 

cultured mammalian neurons and C. elegans became the first multicellular organism in which ChR2 

was neuronally expressed to manipulate its behavior (Boyden et al. 2005; Nagel et al. 2005). 

Consequently, optogenetics can be used to achieve optical control of defined action potential patterns 

in specific targeted single neuronal cells or populations within freely moving organisms (Yizhar et al. 

2011; Husson et al. 2013b). In the following years, ChR2 and other optogenetic tools were effectively 

used in the field of neuroscience, to investigate synaptic function and plasticity, unravel neuronal 

connectivity and circuit dynamics. Besides of C. elegans, neuronal basis of behavior was studied in 

other organisms as well, such as Drosophila melanogaster, zebrafish, rodents, up to nonhuman 

primates (Arenkiel et al. 2007; Zhang et al. 2007c; Douglass et al. 2008; Han 2012). Furthermore, 

clinical application of optogenetic tools include restoration of vision, repair of hearing impairment and 

treatment of neuronal disorders like Parkinson’s disease (Bi et al. 2006; Gradinaru et al. 2009; Shimano 

et al. 2013). 

 

3.5.1 Microbial rhodopsins 

Microbial photoreceptor proteins used in optogenetics belong to the family of microbial type-I 

rhodopsins, most prominently the light-driven ion channels of the channelrhodopsin family (ChRs), 

whereas ion pumps are predominantly represented by the bacteriorhodopsins, archaeal rhodopsins 

and halorhodopsins (Sharma et al. 2006) (Figure 22). Microbial type-I rhodopsins are highly conserved 

in their structure and photochemical reactivity. They all consist of the seven-transmembrane helical 

apoprotein opsin and are termed microbial rhodopsins due to the covalently linked vitamin A-derived 

chromophore all-trans-retinal (ATR) as the light capturing molecule (Kato et al. 2012). The 

chromophore isomerizes upon photon absorption, causing a structural change transferred to the opsin 

protein, which leads to the conduction of ions and a change in membrane potential. The chromophore 

ATR is natively present in vertebrate cells or cell cultures, at levels high enough to support the opsins 

function. However, invertebrates such as C. elegans lack endogenous ATR, which, however, can be 

simply provided to the organism, by supplemented their bacterial food (Nagel et al. 2005). The animal 

type-II rhodopsins are naturally used by vertebrates and invertebrates, where the light-activated 

proteins function as GPCRs, initiating signaling cascades, regulating ion channels for plasma membrane 

de- or hyperpolarization (Zuker 1996; Hardie und Raghu 2001). These opsins use the 11-cis retinal 

isomer for photon absorption and cellular responses arise with slower kinetics compared to type-I 

opsins (Zhang et al. 2011). The families of microbial type-I and animal type-II rhodopsins both share 
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the seven-transmembrane protein structure, but have no proven sequence homologies (Nagel et al. 

2003). 

 

 

Figure 22: The microbial type-I rhodopsins. Overview of the microbial type-I rhodopsins, comprising the ion pumps 

bacteriorhodopsin (BR) and halorhodopsin (HR), as well as the ion channel channelrhodopsin (ChR). Bacteriorhodopsins pump 

protons from the cytoplasm to the extracellular side, whereas halorhodopsins pump c into the cytoplasm to hyperpolarize the 

host cell. Channelrhodopsins transfer ions across the plasma membrane along the electrochemical gradient. All microbial type-

I rhodopsins have a seven-transmembrane helical structure and use the chromophore ATR as obligate cofactor. Image adapted 

and modified from Zhang et al. 2011. 

 

3.5.1.1 The light-gated ion channel Channelrhodopsin (ChR) 

Channelrhodopsin proteins are the main light-gated ion channels of the microbial rhodopsin family. 

Channelrhodopsin-1 (ChR1) and channelrhodopsin-2 (ChR2) were initially discovered in the green 

algae Chlamydomonas reinhardtii (Nagel et al. 2002; Nagel et al. 2003). ChR1 is manly a light-gated 

proton channel, whereas ChR2 is a light-gated, more or less non-specific cation channel and both serve 

as photoreceptors at the plasma membrane, opposite of the algal pigment organelle. There, the ChRs 

directly induce photocurrents and membrane depolarization to mediate algal phototaxis, photophobic 

responses to optimize photosynthetic growth (Hegemann 2008). ChR2 absorbs blue light with an 

action spectrum maximum at approximately 470 nm, whereas ChR1 has a more red-shifted action 

spectrum. Because of its mainly proton-selective permeability and limited expression in mammal cells, 

ChR1 has attracted less attention as optogenetic tool (Nagel et al. 2002; Berthold et al. 2008).  

ChR2 forms dimers, consisting of monomers with a C-terminal intracellular domain and the N-terminal 

seven transmembrane helical opsin domain, whereby the helices TM3 and TM4 are located at the 

dimer interface (Müller et al. 2011). As already described, the N-terminal module contains the 

chromophore ATR and is sufficient for the full ChR2 functionality as light-gated channel (Nagel et al. 

2002; Nagel et al. 2003). ATR is located in the retinal binding-pocket, where it is fixed by interactions 

with selected amino acids and bound to the conserved lysin residue K257 in the helix TM7, via a 
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protonated retinal Schiff base covalent linkage (Figure 23). In ChR2, the histidine residue H134 delivers 

a proton to the Schiff base and alteration of this residue to an arginine (H134R) results in improved 

retinal binding and higher photocurrents, but a slower channel closing kinetics compared to the wild 

type ChR2 (Nagel et al. 2005; Lin et al. 2009). On the extracellular proton acceptor site, the glutamate 

E123 contributes to the counterion of the protonated Schiff base (Bamann et al. 2008). A substitution 

of the glutamate with threonine or alanine (E123T/A, or ChETA) accelerates the channel closing 

kinetics, but reduces photocurrent amplitudes (Gunaydin et al. 2010). Furthermore, the helix TM7 is 

relevant for the wavelength sensitivity of ChR2 activation (Prigge et al. 2012).  

The cation pathway consists of a hydrophilic water-filled pore, which is formed between the helices 

TM1, TM2, TM3 and TM7, whereby polar and charged residues of helices TM2 face towards helices 

TM3 and H7 to mediate cation permeation and diffusion across the cell membrane (Kato et al. 2012; 

Watanabe et al. 2012). There are two putative cation-binding sites, one on the extracellular side with 

the amino acid residues S52, N56 and E97 in helices TM1 and TM2, and one on the cytoplasmic side, 

close to the residues E82, E83, H134, H265 and R286 in helices TM2, TM3 and TM7 (Figure 23). They 

are separated by a central gate, consisting of the residues S63, N258 and E90. The cation-conducting 

pathway is opened towards the extracellular side and the cytoplasmic side is closed (Lórenz-Fonfría et 

al. 2013).  

There are two amino acid residues next to the retinal binding pocket, C128 and D156, which are highly 

relevant for gating and thus for photocycle kinetics (Figure 23). Mutation of these residues results in a 

ten- to thousandfold extended open-state lifetime, resulting in very slow photocycle kinetics. In 

addition, mutants exhibit current saturation at lower light intensities during prolonged illumination, 

giving the host cells an increased light sensitivity (Schneider et al. 2015). For instance, the change of 

the cysteine residue at this position to serine (C128S) provides a channel opening for about 106 

seconds (Schultheis et al. 2011). Furthermore, the ChR2 photocycle can be switched on- and off, 

triggered by light with different wavelength (blue and green light, respectively) and the mutants are 

referred to as step-function opsins (Lin et al. 2009; Bamann et al. 2010a; Gunaydin et al. 2010). Another 

important amino acid residue is the T159. Alteration of this amino acid to a cysteine (T159C) causes 

improved retinal binding affinity and a three- to tenfold increase in the stationary photocurrent, with 

a red-shifted action spectrum (Berndt et al. 2011; Prigge et al. 2012; Ullrich et al. 2013).  
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Figure 23: The light gated ion pore of ChR2. Overview of the ChR2 crystal structure, derived from the ChR1-ChR2 chimera 

protein C1C2. Shown are the light gated ion pathway (blue arrows) with two Na+ ions (orange circle), the retinal-binding pocket 

and the ion-conducting pore. The protonated retinal Schiff base (RSBH+) is indicated in orange, surrounded by the retinal-

binding pocket residues in green. Key residues of the ion-conducting pore are shown in brown. All polar residues are depicted 

in their protonated state (red and blue for oxygen and nitrogen, respectively). Image adapted from Deisseroth und Hegemann 

2017.  

In the microbial rhodopsin ChR2, photon absorption by the chromophore leads to a structural change, 

initiated by the isomerization of the all-trans to a 13-cis retinal isomer and the deprotonation of the 

Schiff base. Consequently, a sequence of thermally driven conformational changes is induced, leading 

to a channel opening state, allowing H+ >> Na+ > K+ >> Ca2+ ions to passively diffuse across the 

membrane, following their electrochemical gradient (Schneider et al. 2015). Afterwards, the 

chromophore returns to its initial protonated state and the 13-cis retinal relaxes back to ATR, leading 

to a closing of the channel and a reestablishing of the protein to its original dark state. This cyclic 

process is known as photocycle and is described by the spectral properties of the chromophore during 

conformational changes of ChR2 through a series of distinct kinetic intermediate states (Lórenz-Fonfría 

et al. 2013) (Figure 24). In the absence of blue light, ChR2 is in the dark state P470, characterized by its 

absorption maximum at 470 nm. Upon photon absorption and retinal isomerization, a red-shifted 

excited P1
500 state is formed in a time range of picoseconds. Afterwards, the retinal Schiff base gets 

deprotonated to the extracellular side and the blue-shifted intermediate P2
390 declines within 

10 microseconds, resulting in the opening of the channel. Continuing in the photocycle, re-protonation 

of the Schiff base from the cytoplasmic side leads to the next red-shifted intermediate P3
520 within 

2 milliseconds, which represents the conductive and cation permitting state of the channel. The last 

step comprises the formation of the P4
480 intermediate in the time rage of 10 milliseconds, where the 



Introduction 

 

43 
 

channel closes. Relaxation of P4
480 to the ground state P470 proceeds within 20 seconds and can be 

bypassed during continuous illumination, where P4
480 is directly converted into the P1

500 intermediate 

upon photoactivation (Ritter et al. 2008; Feldbauer et al. 2009). Furthermore, the application of green 

light to the open channel at P3
520 can bypass the P4

480 and ground state P470 as well (Bamann et al. 

2010b). The duration of the photocycle is determined by this last step of relaxation, which is supposed 

to be mediated by a second photon that initiates the re-isomerization of the retinal (Bamann et al. 

2008; Bamann et al. 2010b).  

 

 

Figure 24: Kinetic model of the ChR2 photocycle. Depicted are the ChR2470 dark state and the four intermediate states P1
500 

to P4
480. Each state is defined by the spectral properties of the chromophore during conformational changes of ChR2, which is 

indicated in the superscript as wavelength at maximum absorption. The unidirectional photocycle is initiated by blue light (470 

nm) and passes each intermediated state characterized by a distinct half-life (t1/2). Image adapted from Lórenz-Fonfría et al. 

2013.  

 

3.5.1.2 Light-driven ion and proton pumps  

There is a large variety of optogenetic silencers, composed of light-driven ion- and proton pumps, 

named halorhodopsins, bacteriorhodopsins and archaerhodopsins and they are found in all species of 

archaea, bacteria, fungi and algae (Ihara et al. 1999; Mukohata et al. 1999; Lanyi 2004). In the 

beginning of the 1970s, two light-driven rhodopsins were discovered in the archaeon Halobacterium 

salinarum, the proton pump bacteriorhodopsin and the chloride chloride pump halorhodopsin. The 

two proteins contribute to the bioenergetics and osmotic balance of this organism, which lives in high 

salinity environment. Bacteriorhodopsin pumps protons out of the cell and generate a proton-motive 

force to drive ATP synthesis, whereas halorhodopsin pumps chloride into the cell, in response to the 

absorption of green and yellow light, respectively (Oesterhelt und Stoeckenius 1971; Racker und 

Stoeckenius 1974; Schobert und Lanyi 1982). In 1999, the halorhodopsin NpHR was found in 
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Natronomonas pharaonis that functions independent from salinity environments and has an 

extracellular high affinity to chloride, making it therefore suitable for the application in neurons (Okuno 

et al. 1999). In 2007, researchers were able to express NpHR and to hyperpolarize and inhibit 

mammalian neurons from firing action potentials during the exposure to yellow light with 580 nm 

(Figure 25 A). Particularly, transgenic expression of NpHR in cells of living organisms such as C. elegans, 

supports robust neuronal silencing and manipulates behavior by light, illustrating the potential in using 

NpHR as a silencing optogenetic tool (Han und Boyden 2007; Zhang et al. 2007a). Moreover, NpHR can 

be used in combination with other microbial rhodopsins to facilitate bidirectional control of membrane 

potential (Figure 25 B, C). Thereby, rhodopsins enable the identification of neuronal circuit 

components, which are necessary or sufficient for the regulation of neuronal function. For instance, 

ChR2 and NpHR can be simultaneously expressed in muscle cells and neurons of C. elegans, allowing 

bidirectional optical modulation of neuronal activity and behavioral outcome, due to their different 

spectral excitation maxima (Zhang et al. 2007a; Zhang et al. 2007b; Han und Boyden 2007).  

 

A                                                     B                                                                      C          

 

Figure 25: Properties of ChR2 and NpHR for bidirectional optical modulation. A) Action spectrum of ChR2 and NpHR 

measured in oocytes, held at -50 mV. ChR2 has an action spectrum maximum at approximately 470 nm and NpHR at 580 nm. 

B, C) Electrophysiological measurements of hippocampal neurons expressing ChR2 and NpHR. Cell-attached and whole-cell 

recordings are performed at -62 mV and spike firing evoked by pulses of blue light at 473 nm and 15 milliseconds per pulse 

(blue bars). Yellow bar indicates simultaneous hyperpolarization and inhibition of the cell (B). Voltage-clamp recordings reveal 

independent inward and outward currents evoked by blue and yellow light, respectively (C). Image adapted and modified from 

Zhang et al. 2007b.  

Halorhodopsins and light-driven proton pumps are homologous in their structure, even if they only 

share minor sequence similarities and differ in their ion/proton specificity, spectroscopic properties 

and kinetic behavior (Kouyama et al. 2010; Chow et al. 2012). Beside the typical N-terminal seven-

transmembrane helices structure, NpHR forms a trimeric complex, where the protomer comprises a 

shorter amphipathic helix TM1 and a long extracellular loop between helices TM2 and TM3, together 

forming a hydrophobic cap that covers the extracellular surface of the protein. Thereby, a rapid ion 

exchange is prevented between the active binding center and the extracellular medium (Kouyama et 

al. 2010). The anion-transporting photocycle of NpHR comprises a series of distinct kinetic 
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intermediate states P0 to P6, which are characterized by their spectral properties and different ion 

affinity and therefore are also referred to as K570, L1520, L2520, N520, O600, NpHR’575 and NpHR575 states 

(Ludmann et al. 2000; Chizhov und Engelhard 2001) (Figure 27). In the ground state NpHR575, the helix 

TM7 binds to ATR via a Schiff base and the amino group of a lysine sidechain K256 (Bamann et al. 

2010a) (Figure 26 A). The Schiff base is oriented to the extracellular side, where it interacts with water 

molecules via hydrogen-bonds and the residue D252, forming a high-affinity and stable ion binding 

site. There, the Schiff base binds one chloride ion, which is additionally fixed by two polar residues, 

T126 and S130 of the helix TM3 (Kouyama et al. 2010).  

 

     A                                                                         B 

 

 

 

 

 

 

 

 

Figure 26: The light gated chloride-conducting pore of NpHR. A) Crystal structure of the chloride primary binding site. The 

retinal Schiff base (purple) interacts the residue D252 (yellow) to form the ion binding site, where chloride (yellow-green 

sphere) is additionally oriented by the T126 and S130 (green) residues of the helix TM3. B) Crystal structure of the chloride ion 

uptake pathway, comprising water molecules (red spheres) and the residues R123, R176 (blue) and E234 (yellow). Distances 

from the ion to the surrounding molecules are indicated in angstrom (red). Image adapted and modified from Kouyama et al. 

2010.  

Upon photon absorption and isomerization of ATR, NpHR undergoes structural rearrangements 

leading to a distortion of the chromophore surroundings and the transition from the K to the L 

intermediate, whereby the chloride ion moves closer to the Schiff base (Gerscher et al. 1997). The 

anion uptake pathway consists of four amino acid residues, the R123, D234, R176, H100 and seven 

water molecules that form a hydrogen-bonding network between the ion binding site and the 

extracellular surface (Figure 26 B). In the next step of the photocycle, the N state, the chloride ion 

moves from the extracellular region to the inside of the protein. Moreover, NpHR changes its 

conformation toward the intracellular side, permitting ion accessibility (Ludmann et al. 2000). During 

the transition of the N to O state, the chloride ion moves across the protein and is released to the 

intracellular side (Váró et al. 1995). Thereby, the chromophore re-isomerizes to ATR and the chloride 

ion moves further away from the Schiff base. After the ion release, at the transition of the O to HR’ 

state, a second chloride ion is taken up at the extracellular surface and the protein relaxes back to the 
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initial HR ground state (Ludmann et al. 2000; Chizhov und Engelhard 2001). The photocycle of NpHR 

has a predicted turnover of about 20 milliseconds. However, under constant light application, a fast 

turnover of approximately 1.5 milliseconds is possible, which leads to much higher photocurrents. In 

this process, the last step from the transition of NpHR’ to NpHR is skipped and NpHR’ is already excited 

by yellow light (Chizhov und Engelhard 2001). Furthermore, it is proposed that the light-driven ion 

transfer of NpHR is coupled with the translocation of protons and water (Harris et al. 2018). 

 

 

Figure 27: Kinetic model of the NpHR photocycle. Depicted is the NpHR470 dark state and the five intermediate states K570 to 

NpHR’575. Each state is defined by the spectral properties, which are indicated in the subscript as wavelength at maximum 

absorption. The unidirectional photocycle is initiated by yellow light (580 nm) and passes each intermediated state 

characterized by a distinct half-life (t1/2). At the transition between the L/O and O/N state, the chloride ion is released to the 

intracellular side and taken up from the extracellular side, respectively. Image adapted from Chizhov und Engelhard 2001. 

Unfortunately, the application of NpHR as optogenetic tool has some limitations, which diminished its 

usage as a light-sensitive hyperpolarizing protein. It forms aggregates, if expressed in mammalian cells 

at high levels, due to its stagnation in the ER, leading to toxicity and intracellular accumulations and 

thus low photocurrents (Gradinaru et al. 2007; Zhao et al. 2008). There have been attempts to improve 

the expression of NpHR, by adding an N-terminal signal peptide sequence and a C-terminal ER export 

sequence from mammalian membrane receptors, to enhance its membrane targeting and ER export, 

resulting in eNpHR2.0 (Zhao et al. 2008; Gradinaru et al. 2008). Still, this version accumulates in the ER 

and has an improved, but low magnitude of current and an inability to counter strong excitation. 

Particularly, expression of this NpHR variant in other non-mammalian organisms, such as C. elegans, 

does not improve membrane trafficking and expression levels, as these signals are not conserved. 

Thus, compared to the former NpHR version which already appear to function sufficiently in neurons 
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and other excitable cells of the nematode, the application is more dependent on a strong promotor 

for the cell of interest (Zhang et al. 2007b; Husson et al. 2012). Further engineering, by adding a 

membrane trafficking signal from the potassium ion channel Kir2.1 resulted in eNpHR3.0 with 

improved localization to the plasma membrane and enhanced inhibitory capacity with a threefold 

increase in the photocurrent, even with lower light intensities (Gradinaru et al. 2010). Furthermore, 

halorhodopsins and proton-pumps translocate one ion per photon absorbed, thus it is necessary to 

apply constant light to ensure photon flux for continued hyperpolarization. However, unlike ion 

channels, ion and proton pumps allow molecules to be transferred against a concentration gradient, 

independent of the membrane potential (Chow et al. 2012).  

To overcome these limitations, outward-directed proton pumps from archaea and fungi are 

considered as useful alternatives to achieve neuronal inhibition. Compared to the native NpHR, they 

have different spectral properties and exhibit higher net currents if expressed in excitable cells of 

C. elegans, likely due to the more efficient trafficking to the plasma membrane (Husson et al. 2012). 

The Archaerhodopsin-3 (Arch) from the archaebacterium Halorubrum sodomense, is a light driven 

outward proton pump, activated by yellow-green light with approximately 550 nm, as previously 

indicated for bacteriorhodopsins. Arch is a highly efficient neuronal silencer and can be illuminated for 

extended durations with a rapid recovery time, though it requires higher light power to be activated 

in in vivo applications (Chow et al. 2010; Liu und Tonegawa 2010). The rhodopsin Mac from the fungus 

Leptosphaeria maculans efficiently mediates neuronal silencing in response to blue and green light 

(Chow et al. 2010). Thus, it enables the combination of multiple silencing rhodopsins, activated by 

different wavelengths for the independent inhibition of distinct neuronal populations. Furthermore, 

another light-driven chloride pump, named Jaws, was identified in Harloarcula salinarum, which 

causes stable hyperpolarization in the host cell, if illuminated with light of 635 nm, even at prolonged 

irradiation. Thus, Jaws shows a strong red-shifted action spectrum and can well be used in dual-color 

applications with other rhodopsins (Chuong et al. 2014). Recently, a green-light driven Na+ outward 

pump has been identified from Krokinobacter eikastus, which hyperpolarizes neuronal cells and 

inhibits C. elegans locomotion (Inoue et al. 2013; Kato et al. 2015). 

 

3.5.2 Other engineered photoactive proteins  

3.5.2.1 Improved ChR variants for neuronal activation and silencing 

The application of ChR2 as optogenetic tool for neuronal activation also implicates major restrictions 

and limitations, as it requires continuous illumination with blue light of high intensities, to keep the 

channel open. Prolonged illumination with light can lead to intrinsic photophobic responses in some 
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of the organisms, for instance in C. elegans, where prolonged blue and UV light at high intensities can 

be toxic and evoke phototactic reactions that override intrinsic behaviors (Edwards et al. 2008). This 

can be diminished and bypassed, using improved ChR variants with higher light sensitivities, better 

membrane expression and ion selectivity, improved kinetics and variation in action spectrum, as 

already described in the previous chapter 3.5.1.1. Using C. elegans muscle cells and neurons as 

expression host enables the investigation of mutant properties and their ability to manipulate the 

membrane potential. For instance, ChR2(H143R) and ChR2(T159C) show improved expression 

efficiency, enhanced channel conductivity and photocurrents, induced by a stabilization of the 

covalently bound ATR (Nagel et al. 2005; Schultheis et al. 2011; Bergs et al. 2018). The mutant 

ChR2(L132C), also referred to as CatCh, has an increased calcium and magnesium conductance. Thus, 

low light intensities are sufficient to mediate photo-depolarization (Kleinlogel et al. 2011). Other ChR2 

mutants affect photocycle kinetics by decelerating the channel closing, such as ChR2(C128T, A or S) 

and are useful for prolonged depolarization with only brief light application (Schultheis et al. 2011; 

Bergs et al. 2018). In addition, multimodal investigation of neuronal networks is achieved by 

independent activation of co-expressed optogenetic tools, using light with different wavelengths. 

Beside ChR1, there are other rhodopsin molecules with a red-shifted action spectrum. One is the 

cation-conducting channel VChR1 from Volvox carteri and C1V1 (a chimera of the Chlamydomonas 

reinhardtii and Volvox carteri ChR1) which both have excitation peaks at green wavelength near 

540 nm (Zhang et al. 2008). Mutations of the C1V1 at position E112 and E162 (C1V1-ET/ET) expressed 

in C. elegans have been shown to depolarize muscle and neuron cells independent from ChR2 (Erbguth 

et al. 2012). Extensive attempts have been made to find optogenetic silencing tools with slow off-

kinetics and higher light sensitivity, than the widely used ion pumps. One idea is to change the cation-

conducting properties of ChR, to turn it into a tool for membrane hyperpolarization and neuronal 

inhibition. This is achieved by sequentially mutating the negatively charged surface of the translocation 

pore into a more positively or neutrally charged surface. Thereby, channels were generated that were 

more conductive to anions such as chloride, e.g. ChloC (Berndt et al. 2014; Wietek et al. 2014). 

However, there is still a minor H+ and cation conductance, which has been narrowed by structure-

based protein engineering in the improved iChloC variant, which has increased protein expression and 

higher chloride conduction (Wietek et al. 2015). Because of the comprehensive knowledge of ChR 

variants, point mutations can be easily introduced to the newly engineered proteins to target diverse 

spectral and kinetic properties. Furthermore, beside of engineering efforts, the identification of 

naturally occurring anion-conducting ChRs revealed a new class of optogenetic silencing tools. These 

rhodopsin channels from Guillardia theta, named GtACR1 and GtACR2, have a high anion selectivity 

and larger currents than other anion-conducting ChRs (Govorunova et al. 2015). Interestingly, the 

improved red-shifted ACR1(C102A) shows a photocycle with step-function characteristics and 
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demonstrates stable and persisting hyperpolarization effects in excitable cells of C. elegans (Bergs et 

al. 2018).  

 

3.5.2.2 Photoactive proteins that target intracellular processes 

Beside of the light-mediated control of membrane voltage using microbial rhodopsins, various 

optogenetic tools allow the targeting of intracellular processes as well. The light-activated chimeric 

GPCRs termed ‘optoXRs’ consist of a rhodopsin in which the intracellular loops and C-terminus have 

been replaced with those of diverse ligand-gated GPCRs, allowing the optical control of multiple 

intracellular signaling pathways (Rost et al. 2017). Furthermore, intracellular second messenger 

concentrations can be directly modulated by light-activated enzymes, independently of the membrane 

potential. One group comprises the photoactivated adenylyl cyclases (PACs), which are photoreceptors 

consisting of blue light-sensing BLUF or LOV domains, coupled to domains that catalyze formation of 

the intracellular second messenger cyclic adenosine monophosphate (cAMP) (Schröder-Lang et al. 

2007). The rhodopsin from Blastocladiella emersonii (BeCyclOp) functions as a light-activated guanylyl 

cyclase, which catalyzes cyclic guanosine monophosphate (cGMP) synthesis (Gao et al. 2015). Thus, 

PAC and BeCyclOp are able to enhance intrinsic activity patterns, whereas ChR2 just overrides them 

(Husson et al. 2013b). Another approach couples the photosensory light-oxygen-voltage (LOV) domain 

of a photoreceptor to the signaling domain of the protein of interest, which can result in a modulation 

of its activity when the LOV domain blocks and, in a light-dependent manner, unblocks an interaction 

surface of the protein (Salomon et al. 2000; Crosson et al. 2003). Other such approaches can be used 

to mediate light-dependent oligomerization of the protein of interest (Grusch et al. 2014). Thus, LOV 

domains are offering a platform for the construction of new optogenetic tools. Upon blue-light 

absorption of the chromophore flavin mononucleotide (FMN), the LOV domain undergoes 

conformational changes, which are transmitted to the effector molecule via a connecting linker or via 

dimerization (Pudasaini et al. 2015). By mutating the LOV-domain of Arabidopsis phototropin 2 such 

that it cannot dissipate energy after photon absorption, a genetically encoded tool for reactive oxygen 

species generation (miniSOG) was generated, which can be used for inactivation of the protein it is 

fused to, as well as other proteins in its direct vicinity. miniSOG can thus be used to inhibit neuronal 

transmission, if targeted to synaptic terminals (Lin et al. 2013). Moreover, if targeted to mitochondria 

or the plasma membrane, miniSOG was shown to induce efficiently degeneration of different cell types 

in C. elegans (Xu und Chisholm 2016). The direct fusion of LOV to the potassium channel pore Kcv 

creates an optogenetic silencing tool termed BLINK1 and BLINK2, which enables blue light-induced 

outward K+ currents in cultured cells and inhibition of neurons of freely moving animals (Cosentino et 

al. 2015; Alberio et al. 2018).  
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3.5.2.3 Photoactive proteins that monitor neuronal activity and membrane voltage 

Genetically encoded optical sensor proteins allow the recording of a wide range of cellular parameters, 

including ion or metabolite concentrations, enzyme activities and membrane voltage (Rost et al. 2017). 

Therefore, fluorescent proteins are combined with distinct protein domains, which change their 

conformation upon ligand binding. As a result, the fluorescent spectra and intensity of the fluorescent 

proteins are modified or the fluorescence resonance energy transfer (FRET) efficiency between the 

donor-acceptor pair is altered (Tantama et al. 2012). The most commonly used optical sensors in 

neuroscience are the genetically encoded calcium indicators (GECIs). For instance, the green 

fluorescent GCaMP is based on a calcium-binding domain calmodulin, linked to the green fluorescent 

protein GFP via the myosin light chain kinase domain M13, allowing the visualization of intracellular 

calcium of living cells (Nakai et al. 2001). GECIs have been further modified to improve the calcium-

binding efficiency, baseline fluorescence and off kinetics, resulting in GCaMP3 through GCaMP8 (Tian 

et al. 2009; Ohkura et al. 2012). In addition, red-shifted RCaMP variants have been developed, allowing 

dual imaging experiments and the combination of GECIs with optogenetic actuators (Akerboom et al. 

2013). Another group of sensor proteins comprises the genetically encoded voltage indicators (GEVIs). 

For instance, the electrochromic (e)FRET-opsin protein voltage sensors combine the intrinsic voltage-

sensing domains from microbial rhodopsins with bright fluorescence proteins that serve as a FRET 

donor. Thus, voltage-dependent changes of retinal chemical environment and thus its fluorescence 

lead to an alteration of the FRET efficiency and fluorescence intensities (Gong et al. 2014; Zou et al. 

2014). Furthermore, pH sensors have been developed, called pHluorins, which are widely used to 

visualize synaptic vesicle exocytosis and transmission (Miesenböck et al. 1998; Sankaranarayanan et 

al. 2000).  
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3.6 Aim of this study 

The major objective of this study was to reveal the functional role of neurons in a small neuronal circuit 

of the nematode C. elegans, responsible for complex locomotion and navigation strategies, as a 

response to changing environmental cues. In order to investigate neuronal functionality and 

connectivity, the first goal was to establish transgenic strains that enable rhodopsin based optogenetic 

modulation of the neurons of interest. Therefore, microbial opsins were to be exclusively expressed in 

these neurons, using promotor driven single cell expression and observing for altered behavior upon 

light-mediated activation or inhibition of the respective neuron. Behavioral responses of freely moving 

animals were supposed to be recorded on various microscopy setups, comprising simultaneous 

application of light with different wavelength and intensities, as well as the automated tracking of 

locomotion, allowing behavioral readout and analysis with respective software.  

In this study, the focus was set on the signaling network surrounding the AVK interneurons AVKL and 

AVKR. These neurons are located in the head ganglia of C. elegans, where they receive input from 

sensory neurons and convey this information to downstream layers of inter- and motoneurons, to 

modulate locomotory behavior (Figure 28 A). A recent study has implicated AVK’ role in the navigation 

of oxygen gradients and in the regulation of locomotion turns (Hums et al. 2016). However, neither is 

there much knowledge of the signal transduction pathways AVK uses to address other neurons of the 

circuit, nor about which upstream sensory input they receive to adapt locomotion to environmental 

conditions.  
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Figure 28: Schematic of the neuronal network surrounding the AVK interneurons. A) Neuron localization in C. elegans. SMB 

and AVK (red) are located in the head ganglia, PDE (rose) at the posterior half of the body, VC (purple) at the ventral nerve 

cord and DVA (gray) and DVC (yellow) in the tail of the animal. B) Neurons directly connected to AVK are symbolized as 

hexagons (interneurons), triangles (sensory neurons) and circles (motoneurons). Chemical synapses are indicated by arrows 

and electrical synapses (gap junctions) as lines with circles. The number of synapses is given as numbers or represented by the 

thickness of the arrows and lines. Neurons are grouped dependent on their function. Synapses not directly involving AVK are 

shown in blue. Information of synaptic connections were derived from the reconstruction of the nervous system from White 

et al., 1986 and wormweb.org. 

To answer these specific questions, the functional role of distinct signaling molecules, used by the AVK 

neurons as the main intercellular communication unit between sensory, inter- and motoneurons, had 

to be investigated. AVK neurons are known to express neuropeptides of the FMRFamide-like peptide 

family, in particular FLP-1 (Nelson 1998). Thus, it was of great interest to functionally characterize 

distinct neuropeptides and their receptors in the respective knockout mutants or by the application of 

cell-specific gene knockdown using RNA interference. Furthermore, mRNA profiling of AVK should 

facilitate the identification of enriched genes, involved in the peptide signal transduction. 

Neuropeptide receptors were to be elucidated for their expression pattern and putative neuronal 

partners downstream of AVK were to be functionally analyzed. Possible candidates are the SMB head 

motoneurons, which are highly connected to AVK via electrical and chemical synapses (Figure 28 B). 

Interestingly, they have already been shown to regulate locomotion and bending behavior (Gray et al. 

2005). Cell specific ablation experiments as well as the application of genetically encoded calcium 

sensors should clarify their role in the regulation of locomotory behavior.  
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AVK neurons receive extensive synaptic input from the dopaminergic sensory neurons PDE, which 

sense the texture of bacteria and mediate the mechanical component of food sensation (Sawin et al. 

2000) (Figure 28 B). Still, it was unknown if AVK neurons may affect locomotion downstream of 

dopaminergic signaling and mediate food-related locomotory behavioral responses. Therefore, the 

influence of food availability on the AVK neurons’ functionality was to be determined, as well as the 

signaling mechanisms underlying the integration of sensory information. The DVA interneuron is 

located postsynaptically to the PDE sensory neurons and previous work showed that jointly these are 

involved in the regulation of body posture and food-related behavior (Bhattacharya et al. 2014) (Figure 

28 B). Hence, it would be desirable to clarify if AVK and DVA functionally overlap in related neuronal 

circuits to modulate locomotory behavior. 

Similar mechanisms have been identified in mammals, where dopamine signaling modulates 

cholecystokinin and RF-amide neuropeptide release in reward-related and feeding behaviors 

(Rotzinger und Vaccarino 2003; Dockray 2004). Additionally, dopamine is involved in a variety of crucial 

neuronal processes, causing its absence or malfunction to induce neurodegenerative disorders, such 

as Parkinson’s disease where dopamine fine tunes movement control (Triarhou 2002; Kish et al. 1988). 

Conserved basic signaling mechanisms may be more easily elucidated under more simple conditions, 

provided by the neuronal circuits of the C. elegans nervous system. In the long run, this work should 

provide insights into how dopamine modulates neuronal functionality and neuropeptide signaling in 

the context of motor control.  
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4 Material and Methods 

 

4.1 Material 

4.1.1 Chemical substances 

Table 1: Chemical substances. 

Substance Manufacturer 

Acetic acid Carl Roth 

Agar AppliChem 

Agarose Invitrogen 

Aldicarb Merck 

All-trans retinal Merck 

Ampicillin sodium salt AppliChem 

Bovine serum albumin (BSA) New England Biolabs (NEB) 

Calcium chloride Carl Roth 

Cholesterol  Merck 

Desoxy nucleotide triphosphate (dNTP) Invitrogen 

Dimethyl sulfoxide (DMSO) Carl Roth 

Dopamine hydrochloride Merck 

Ethylene-diamine-tetra-acetic acid (EDTA) Carl Roth 

Ethanol 94 % Carl Roth 

Ethanol 99 % (AR grade) AppliChem 

Ethidium bromide 5 % Carl Roth 

GeneRuler 100bp DNA Ladder Fermentas 

GeneRuler 1 kb Plus DNA Ladder Fermentas 

Halocarbon oil Halocarbon 

Histamine Merck 

Isopropanol Carl Roth 

Kobe Agar Carl Roth 

Magnesium chloride Carl Roth 

Magnesium sulfate Carl Roth 

Nitrogen Linde 

Nystatin Merck 

Oligonucleotides Eurofins MWG 

Phenol chloroform isoamyl alcohol (50:49:1) Carl Roth 

Potassium acetate Carl Roth 

Potassium citrate Carl Roth 

Potassium chloride Carl Roth 

Dipotassium phosphate Carl Roth 
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Substance Manufacturer 

Monopotassium phosphate Carl Roth 

Polyethylen glycol (PEG) 6000 g/mol Carl Roth 

Polystyrene beads (0.1 µm) POLYCIENCES 

Sodium acetate Carl Roth 

Sodium azide Carl Roth 

Sodium chloride Carl Roth 

Sodium hydroxide Carl Roth 

Sodium hypochlorite 12 % Carl Roth 

Disodium phosphate Carl Roth 

Streptomycin AppliChem 

Tris-(hydroxymethyl)-aminomethane (TRIS) Carl Roth 

Triton X-100 Carl Roth 

Tryptone/Peptone from Casein Carl Roth 

Yeast extract Carl Roth 

 

4.1.2 Buffer and Media 

Buffer components and media were diluted in ddH2O (if not noted otherwise). 

Table 2: Buffer and media.  

Buffer/medium Ingredients/manufacturer 

8 P medium 2 % (w/v) Tryptone/Peptone 
0.3 % (w/v) Sodium chloride 
2.5 % (w/v) Agar 
1 mM Calcium chloride 
1 mM Magnesium sulfate 
25 mM Potassium phosphate buffer 
0.0005 % (w/v) Cholesterol (in ethanol) 

Antarctic phosphatase (AP) buffer (10x) NEB 

Bleach solution 0.5 M Sodium hydroxide 
3.6 % (w/v) Sodium hypochlorite 

Bleach solution for embryo isolation 0.5 M Sodium hydroxide 
20 % (v/v) Clorox 

DNA loading dye, purple (6x) 2.5 % Ficoll-400 
10 mM EDTA 
3.3 MM Tris-HCl (pH 8) 

dNTP Mix 100 mM dATP 
100 mM dCTP 
100 mM dGTP 
100 mM dTTP 
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Buffer/medium Ingredients/manufacturer 

Injection buffer (10x) 20 % (w/v) PEG 
200 mM Potassium phosphate 
0.33 mM Calcium chloride 
0.33 mM Magnesium sulfate 

Lysogeny broth (LB) medium 0.5 % (w/v) Yeast extract 
1 % (w/v) Tryptone/Peptone 
1 % Sodium chloride 
Optional 1.5 % (w/v) Agar 
Optional after autoclaved: 
100 µg/µL Ampicillin 
200 µg/µL Streptomycin 

M9 buffer 1 mM Magnesium sulfate 
20 mM Monopotassium phosphate 
40 mM Disodium phosphate 
85 mM Sodium chloride 

NEB CutSmart buffer (10x) NEB 

NEBuffer 1.1 (10x) 
NEBuffer 2.1 (10x) 
NEBuffer 3.1 (10x) 

NEB 
NEB 
NEB 

Nematode growth medium (NGM) 0.25 % (w/v) Tryptone/Peptone 
0.3 % (w/v) Sodium chloride 
1.7 % (w/v) Agar 
1 mM Calcium chloride 
1 mM Magnesium sulfate 
25 mM Potassium phosphate buffer 
0.0005 % (w/v) Cholesterol (in ethanol) 
0.001 % (w/v) Nystatin (in ethanol) 

Phusion HF buffer (5x) NEB 

Potassium phosphate buffer (1 M, pH 7.5) 1 M Monopotassium phosphate 
1 M Dipotassium phosphate 

Single egg/worm lysis buffer (SEWLB) 2.5 mM Magnesium chloride 
10 mM Tris-HCl (pH 8.3) 
50 mM Potassium chloride 
0.05 % (w/v) Gelatin 
0.45 % (v/v) Tween-20 

S buffer (pH 6) 6.5 mM Monopotassium phosphate 
43.5 mM Dipotassium phosphate  
100 mM Sodium chloride 

T4 DNA ligase buffer (10x) NEB 

ThermoPol buffer (10x) NEB 

TRIS acetate EDTA (TAE) buffer (50x, pH 8.5) 40 mM TRIS/Acetic acid 
2 mM EDTA 
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4.1.3 Enzymes 

Enzymes were applied according to the manufacturer’s protocol and recommendation. A detailed 

enumeration of used restriction enzymes is provided in chapter 4.2.9. 

Table 3: Enzymes.   

Enzyme Manufacturer 

Antarctic phosphatase  NEB 

Phusion DNA Polymerase NEB 

Proteinase K Thermo Fisher Scientific 

Restriction enzymes NEB 

T4 DNA Ligase NEB 

Taq DNA Polymerase NEB 

 

4.1.4 Kits 

Kits for DNA extraction or purification were applied according to the manufacturer’s protocol and 

recommendation.  

Table 4: Kits. 

Kit Application Manufacturer 

Gel/PCR DNA Fragments Extraction Kit Gel extraction Geneaid 

QIAquick Gel Extraction Kit Gel extraction Qiagen 

Roti-Prep Plasmid Mini Plasmid DNA purification Carl Roth 

NucleoBond PC 100 Plasmid DNA purification Macherey-Nagel 

 

4.1.5 Plasmids 

Plasmids named as pAOX were created during this work. 

Table 5: Plasmids. 

Name Description Source 

pAO03 plin-11::NPR-6::SL2::GFP This work 

pAO04 plin-11::SL2::GFP This work 

pAO05 punc-17::NPR-6::SL2::GFP This work 

pAO06  pflp-12::NPR-6::SL2::GFP This work 

pAO07 pflp-12::LoxP::LacZ::STOP::LoxP::NPR-6::SL2::GFP This work 

pAO08 pflp-26::GFP This work 

pAO16 pnpr-6::NPR-6::SL2::GFP This work 



Material and Methods 

 

58 
 

Name Description Source 

pAO18 pflp-1(trc)::HisCl1::SL2::GFP This work 

pAO19 pflp-1(trc)::DOP-3::SL2::GFP This work 

pAO22 pflp-1(trc)::DOP-1::SL2::GFP This work 

pAO23 ptwk-16::DOP-1::SL2::GFP This work 

pAO26 ptwk-16::DOP-1RNAi sense This work 

pAO27 ptwk-16::DOP-1RNAi antisense This work 

pAO28 pflp-1(trc)::DOP-3RNAi sense This work 

pAO29 pflp-1(trc)::DOP-3RNAi antisense This work 

pAO34 ptwk-16::miniSOG::SL2::GFP This work 

pAO35 pfrpr-7::mCherry This work 

pAO51 pflp-12:: LoxP::LacZ::STOP::LoxP::mCherry This work 

pCFJ90 pmyo-2::mCherry A. Fire, Addgene 

pCS157 podr-2::Cre  Dr. C. Schultheis 

pCS158 pflp-12::Cre Dr. C. Schultheis 

pCS165 podr-2::LoxP::LacZ::STOP::LoxP::GCaMP3.0 Dr. C. Schultheis 

pCS169 pflp-1(trc)::ICE Dr. C. Schultheis 

pCS174 podr-2::LoxP::LacZ::STOP::LoxP::ChR2::mCherry::SL2::GFP Dr. C. Schultheis 

pCS175 pflp-1(trc)::FLP-1::SL2::GFP Dr. C. Schultheis 

pCS178 pflp-1(trc)::mCherry Dr. C. Schultheis 

pCS204 pflp-1(trc)::miniSOG::SL2::GFP Dr. C. Schultheis 

pCS213 pflp-12::LoxP::LacZ::STOP::LoxP::NpHR::eCFP::SL2::GFP Dr. C. Schultheis 

pDC53 pacr-2::DOP-1 Dr. D. Chase 

pKE23 ptwk-16::DOP-3 K. Erbguth 

pNP403 ptag-168::HisCl1::SL2::GFP Prof. N. Pokala 

pPGF11.07 plin-11::ppen-10::GFP Prof. P. Sternberg 

pRM348 punc-17 Prof. J. Rand 

 pcDNA3.1(-)::NPR-6 cDNA Dr. Isabel Beets 

 pmyo-3::eCFP A. Fire, Addgene 

 pmyo-3::mCherry A. Fire, Addgene 

 

4.1.6 Oligonucleotides 

Oligonucleotides named as oAOX were generated during this work and were purchased from the 

company Eurofins MWG GmbH. 

Table 6: Oligonucleotides.  

Name Sequence (5’3’) Description 

oAO22 GGATATTCGGAGGTGGATTG NPR-6 sequencing; forward  

oAO23 TATCATAGCGGTGCGTTCAG NPR-6 sequencing; reverse  

oAO37 GTCTTACCGAACCTTGATCC daf-10(tm2878) genotyping; forward  
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Name Sequence (5’3’) Description 

oAO38 CTTCTCGGAACAGTTGCTCA daf-10(tm2878) genotyping; reverse  

oAO41 CGGTACTTGCAAAGAAGGCT pflp-1 sequencing; forward 

oAO44 CTTTCCCAGCGACTTTACAG flp-1(2811) genotyping; reverse 

oAO49 AGTCCTCGTCAAGCACGTCTTACGG flp-1(ok2781) and flp-1(2811) 
genotyping; forward 

oAO50 CTTATGCCTGCCCGCCTATCTCTTA flp-1(ok2781) and flp-1(2811) 
genotyping; reverse 

oAO51 TTGCACACCGGGAGCCACTTCAGAC flp-1(ok2781) genotyping; reverse  

oAO54 GTTGGCGGCCTTTGCGAAAC flp-26(gk3015) genotyping; forward  

oAO57 GCGCTTTCCGAAACGAAGGG flp-26(gk3015) genotyping; reverse  

oAO58 ACTTCCTCGTTGGTTCCTAC flp-26(gk3015) genotyping; forward  

oAO61 TATGCCGAATGCCGAATGCC pflp-26 amplification; forward  

oAO62 GCTCATCAAAGTGGTGTGGG pflp-26-GFP fusion; forward 

oAO63 CTCCTTTACTCATTGTGAAAACTGTAAGTGTT
CTTGACGGG 

pflp-26 amplification; reverse with 
mCherry overlap 

oAO64 CTTACAGTTTTCACAATGAGTAAAGGAGAAG
AACTTTTCACTGG 

GFP amplification; forward with pflp-26 
overlap 

oAO65 TGCTCTGATGCCGCATAGTT GFP amplification; reverse  

oAO66 GAAACGCGCGAGACGAAAGG pflp-26-GFP fusion; reverse  

oAO100 GAAATATGGACACCGATAGC frpr-7(gk465846) genotyping; forward  

oAO101 CATCACATCCGGTTGTAACG frpr-7(gk465846) genotyping; reverse  

oAO112 CTTCGCTATTACGCCAGCTG mCherry amplification; forward with 
pfrpr-7 overlap 

oAO113 CGACGGCCAGTGAATTATC mCherry fusion; reverse  

oAO116 GCATGCTCCTGTGTGTAGTGCAACCTG pnpr-6 amplification; forward SphI  

oAO117 GCTAGCTTGGGATAAACGAAGAGCTGA pnpr-6 amplification; reverse NheI 

oAO120 GCTTAATTCCTAAAAACCC pflp-1 amplification; forward  

oAO121 TGGTTGGGAACGATGACGCCTCTAGAATAAA
GTGAAG 

pflp-1 amplification; reverse with dop-1 
overlap 

oAO122 AACTCTTGCAGTTGTGCTAGCCTCTAGAATAA
AGTGAAG 

pflp-1 amplification; reverse with dop-1 
overlap 

oAO125 GGTACCCCGGAATGGTTTCCTCG DOP-1 amplification; reverse KpnI 

oAO135 GCTCTTGTTAGGCAAAAGCC pfrpr-7 amplification; forward  

oAO136 CAGATTTCCGTCACGAGCC pfrpr-7-mCherry fusion; forward  

oAO137 TACTGGAGGCATGAGAAGAC pfrpr-7 amplification; reverse with 
mCherry overlap 

oAO138 CTCATGCCTCCAGTAGCAGGCTTAATGGTCTC mCherry amplification; forward with 
pfrp-7 overlap 

oAO139 GATATCCCTGTGGTATCTGGAAGATGG ptwk-16 amplification; reverse EcoRV 

oAO140 GCTAGCATGAACGATTTGCAATGGCC dop-1 amplification; forward NheI  

oAO143 GGGCCCTCTAGACTTGTGTCCGACGAGATTC dop-1 amplification; forward ApaI  

oAO146 GAGCTCAAGATTCAGGCGAGTTGC dop-1 amplification; reverse SacI 

oAO152 GCAGAGCTTACCCGAGTGAG tax-4(ks11) genotyping; forward 

oAO153 ACTCTGTTCTTGCTGCACTC tax-4(ks11) genotyping; reverse 



Material and Methods 

 

60 
 

Name Sequence (5’3’) Description 

oCoS16 CATCCGCTTACAGACAAGCTGTGACC dop-1 sequencing; reverse  

oCoS123 CGAGTCAGTGAGCGAGGAAG ptwk-16 amplification; forward SapI 

oCS131 CACGGGAGACGAAGAGC lite-1(ce314) genotyping; reverse  

oCS132 GCCTTAGAACATTGACGC lite-1(ce314) genotyping; forward  

oCS187 GTATGGACCTGGCAATG dop-3(vs106) genotyping; forward  

oCS188 GGTTTTCATATGCCGACAC dop-3(vs106) genotyping; reverse  

oCS189 CAGCGATCAGAAAGCAC dop-1(vs100) genotyping; forward  

oCS190 CTATTCCGGAATGGTTTCC dop-1(vs100) genotyping; reverse  

oCS287 CCGCATCTCTTGTTCAAGG punc-17 sequencing; forward  

oCS294 CAGTACCCCGTACGTCTTC LoxP sequencing; forward  

oCS310 GTGTGGATCCATGTTGGCTGGACAACACC dop-3(vs106) genotyping; reverse  

oCS378 GCACATAAGCTCGCCAG LoxP sequencing; reverse  

oEF3 ACCATGATTACGCCAAGCTG pflp-1 sequencing; forward  

oEF77 CTTCGGGCATGGCACTCTTG GFP sequencing; reverse 

oFC33 ATGGTCCTTCTTGAGTTTG GFP sequencing; forward  

oJN174 ACGTCATCGTTCCCAACCATGTCGG dop-3 amplification; forward 

oJN175 CTAGCACAACTGCAAGAGTTACTGTAGC dop-3 amplification; reverse 

oKE8 GACTTGTGTTCCAATGTGTC ptwk-16 sequencing; forward  

oKE27 GACCGGCGCTCAGTTG ICE sequencing; reverse  

oKE32 CAGTGAGCTCGATCAATG cat-2 genotyping; forward 

oKE33 GAATCCTATCCGCTGTCA cat-2 genotyping; reverse 

oKE66 GCGACTTCCAGTTCAACATC mCherry sequencing; reverse 

oSW32 CAGCCAACACTTGTCACTAC GFP sequencing; reverse  

 

4.1.7 Organisms 

The C. elegans Bristol N2 strain (indicated in this work as wild type) was used for the generation of 

transgenic lines (chapter 4.3.2) and in behavioral experiments as a control. The E. coli strain DH5 

served as host organism for molecular cloning and DNA amplification (chapter 4.2.6), whereas the 

E. coli strains OP-50-1 and NA22 were applied as the bacterial feeding source for C. elegans 

(chapter 4.3.1). 

Table 7: Organisms. 

Species Strain Source 

Caenorhabditis elegans Bristol N2 (wild type) Caenorhabditis Genetics Center (CGC) 

Escherichia coli OP-50-1 CGC 

Escherichia coli NA22 CGC 

Escherichia coli DH5 Invitrogen 
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4.1.8 Transgenic C. elegans strains 

Transgenic C. elegans strains used in this work were generated via microinjection (chapter 4.3.2.1) or 

crossing (chapter 4.3.2.2). In the C. elegans research community, each strain is characterized by the 

corresponding genotype and labeled with a unique abbreviation. The prefix represents the laboratory 

which has generated the strain, whereas ZX represents the laboratory of Prof. A. Gottschalk. Strains of 

which the transgene has been integrated in the genome, are further categorized by the acronym Is, 

followed by the corresponding transgene. Extrachromosomal arrays, generated via microinjection, are 

categorized by the acronym Ex. 

Table 8: Transgenic C. elegans strains.  

Strain Genotype Transgene Source 

 wild type  CGC 

 npr-2(ok419)  Oklahoma Medical 
Research Foundation 

 npr-3(tm1583)  National Bioresource 
Project of the 
Experimental Animal 
C. elegans 

 npr-6(tm1497)  National Bioresource 
Project of the 
Experimental Animal 
C. elegans 

BC12792 dpy-5(e907) sIs12792[rCesF41E7.3::GFP; pCeh361] CGC 

FK129 tax-4(ks11)  CGC 

FX02828 daf-10(tm2878)  National Bioresource 
Project of the 
Experimental Animal 
C. elegans 

KG1180 lite-1(ce314)  CGC 

LX645 dop-1(vs100)  CGC 

LX703 dop-3(vs106)  CGC 

LX811 lin-15(n765) vsIs33[pdop-3::RFP] CGC 

LX831 lin-15(n765) vsIs28[pdop-1::GFP] CGC 

NM1657 unc-10(md1117)  CGC 

NY16 flp-1(yn4)  CGC 

PS2627 dgk-1(sy428)  CGC 

RB607 nlp-12(ok335)  CGC 

RB2106 flp-1(ok2781)  Oklahoma Medical 
Research Foundation 

RB2126 flp-1(ok2811)  Oklahoma Medical 
Research Foundation 

VC3017 flp-26(gk3015)  CGC 

VC40103 frpr-7(gk463846)   CGC 
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Strain Genotype Transgene Source 

VG29 wild type [pceh-63::ChR2::YFP; pmyo-2::mCherry] Prof. C. Rankin 

VG30 wild type [pceh-63::ChR2::YFP; pmyo-2::mCherry] Prof. C. Rankin 

ZX709 lite-1(ce314) zxEx418[pflp-1(trc)::ChR2(H134R)::YFP; 
lin-15+] 

Dr. C. Schultheis 

ZX888 wild type zxIs16[pflp-1(trc)::NpHR::eCFP;  

lin-15+] 

Dr. C. Schultheis 

ZX903 wild type zxIs17[pflp-1(trc)::ChR2(C128S)::YFP; 
lin-15+] 

Dr. C. Schultheis 

ZX909 lite-1(ce314) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry] 

K. Erbguth 

ZX946 wild type zxIs29[pflp-12::Cre; podr-2::LoxP::LacZ:: 
STOP::LoxP::ICE; pmyo-2::mCherry] 

Dr. C. Schultheis 

ZX966 wild type zxIs28[pflp-1(trc)::ICE; pmyo-2::mCherry] Dr. C. Schultheis 

ZX1042 cat-2(e1112) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry] 

Dr. C. Schultheis 

ZX1068 cat-2(e1112)  zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] Dr. C. Schultheis 

ZX1152 wild type zxIs29[pflp-12::Cre; podr-2::LoxP::LacZ:: 
STOP::LoxP::ICE; pmyo-2::mCherry]; 
zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] 

Dr. C. Schultheis 

ZX1291 flp-1(yn4) zxEx474[pflp-1(trc)::FLP-1::SL2::GFP] Dr. C. Schultheis 

ZX1292 wild type zxEx475[pflp-1(trc)::NpHR::eCFP; 
pflp-1(trc)::mCherry] 

Dr. C. Schultheis 

ZX1454 lite-1(ce314) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry]; zxEx824[pflp-
1(trc)::miniSOG::SL2::GFP] 

Dr. C. Schultheis 

ZX1471 wild type zxEx825[pflp-1(trc)::FLP-1::mCherry;  

pflp-1(trc)::GFP] 

Dr. C. Schultheis 

ZX1472 cat-2(e1112) zxEx825[pflp-1(trc)::FLP-1::mCherry;  

pflp-1(trc)::GFP] 

Dr. C. Schultheis 

ZX1475 wild type zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx825[pflp-1(trc)::FLP-1::mCherry;  

pflp-1(trc)::GFP] 

Dr. C. Schultheis 

ZX1507 npr-2(ok419) zxEx475[pflp-1(trc)::NpHR::eCFP;  

pflp-1(trc)::mCherry] 

This work 

ZX1508 npr-3(tm1583) zxEx475[pflp-1(trc)::NpHR::eCFP;  

pflp-1(trc)::mCherry] 

This work 

ZX1511 unc-31(n1304)  zxEx825[pflp-1(trc)::FLP-1::mCherry;  

pflp-1(trc)::GFP] 

This work 

ZX1541 daf-10(tm2878) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] This work 

ZX1542 flp-1(ok2811) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] This work 

ZX1543 flp-1(ok2781) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] This work 

ZX1761 nlp-12(ok335) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] Dr. W. Steuer Costa 

ZX1763 wild type zxEx837[pflp-26::GFP; pmyo-2::mCherry] This work 

ZX1781 npr-3(tm1583); 
npr-6(tm1497) 

 This work 
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Strain Genotype Transgene Source 

ZX1793 flp-26(gk3015) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] This work 

ZX1817 npr-3(tm1583); 
npr-6(tm1497) 

zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] This work 

ZX1834 wild type zxIs31[pflp-1(trc)::mCherry] This work  

ZX1836 frpr-7(gk463846); 
npr-6(tm1497) 

  This work 

ZX1838 frpr-7(gk463846); 
npr-6(tm1497) 

zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] This work 

ZX1857 lite-1(ce314) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry]; zxEx905[ptwk-16:: 
DOP-3RNAi (sense and antisense);        
pges-1::NLS::GFP] 

Dr. J. Nagpal 

ZX2034 npr-6(tm1497) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] This work 

ZX2035 npr-6(tm1497) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx835[plin-11::NPR-6::SL2::GFP;    
pmyo-2::mCherry] 

This work 

ZX2036 npr-6(tm1497) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx836[punc-17::NPR-6::SL2::GFP;   
pmyo-2::mCherry] 

This work 

ZX2037 npr-6(tm1497) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx850[pflp-12::LoxP::LacZ::STOP::LoxP:: 
NPR-6::SL2::GFP; podr-2::Cre] 

This work 

ZX2038 npr-6(tm1497) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx906[pnpr-6::NPR-6::SL2::GFP;    
pmyo-2::mCherry] 

This work 

ZX2044 frpr-7(gk463846) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+] This work 

ZX2051 wild type zxEx907[pflp-1(trc)::HisCl1::SL2::GFP] This work 

ZX2052 wild type zxEx907[pflp-1(trc)::HisCl1::SL2::GFP]; 
zxEx825[pflp-1(trc)::FLP-1::mCherry;   
pflp-1(trc)::GFP] 

This work 

ZX2101 dop-1(vs100) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry] 

This work 

ZX2105 lite-1(ce314) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry]; zxEx913[ptwk-16:: 
DOP-1RNAi (sense and antisense);       
pmyo-3::CFP] 

This work 

ZX2106 dop-3(vs106) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry] 

This work 

ZX2150 lite-1(ce314) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry]; zxEx1039[ptwk-
16::miniSOG::SL2::GFP] 

This work 

ZX2151 wild type zxEx1040[pfrpr-7::mCherry]  This work 

ZX2152 wild type zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry] 

This work 

ZX2182 wild type zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx1060[pflp-1(trc)::UNC-7RNAi (sense 
and antisense); pmyo-2::mCherry] 

This work 
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Strain Genotype Transgene Source 

ZX2199 dop-1(vs100) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry]; zxEx1061[pflp-1(trc):: 
DOP-1::SL2::GFP; pmyo-3::eCFP] 

This work 

ZX2200 dop-1(vs100) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry]; zxEx1062[ptwk-16:: 
DOP-1::SL2::GFP; pmyo-3::eCFP] 

This work 

ZX2201 dop-3(vs106) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry]; zxEx1063[pflp-1(trc):: 
DOP-3::SL2::GFP; pmyo-3::eCFP] 

This work 

ZX2202 dop-3(vs106) zxIs20[pdat-1::ChR2(H134R)::mCherry; 
pmyo-2::mCherry]; zxEx1064[ptwk-16:: 
DOP-3; pmyo-3::eCFP] 

This work 

ZX2286 wild type zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx1065[ptwk-16::ICE; pmyo-3:: 
mCherry] 

This work 

ZX2287 wild type zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxIs29[pflp-12::Cre; podr-2:: LoxP::LacZ:: 
STOP::LoxP::ICE; pmyo-2::mCherry] 

This work 

ZX2310 wild type zxEx1078[pflp-26::GFP; pflp-12:: 
LoxP::LacZ::STOP::LoxP::mCherry; podr-2:: 
Cre]       

This work 

ZX2357 wild type zxIs17[pflp-1(trc)::ChR2(C128S)::YFP;  
lin-15+]; vsIs33[pdop-3::RFP];    
nuIs439[pnlp-12::GFP] 

This work 

ZX2358 wild type zxIs31[pflp-1(trc)::mCherry];   
vsIs28[pdop-1::GFP] 

This work 

ZX2388 lite-1(ce314) VG29[pceh-63::ChR2::YFP; pmyo-2:: 
mCherry] 

This work 

ZX2389 lite-1(ce314) VG30[pceh-63::ChR2::YFP; pmyo-2:: 
mCherry] 

This work 

ZX2414 wild type zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx1107[podr-2:: LoxP::LacZ::STOP:: 
LoxP::GCaMP3.0; pflp-12::Cre; pmyo-2:: 
mCherry] 

This work 

ZX2415 flp-26(gk3015) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx1107[podr-2:: LoxP::LacZ::STOP:: 
LoxP::GCaMP3.0; pflp-12::Cre; pmyo-2:: 
mCherry] 

This work 

ZX2416 npr-6(tm1497) zxIs16[pflp-1(trc)::NpHR::eCFP; lin-15+]; 
zxEx1107[podr-2:: LoxP::LacZ::STOP:: 
LoxP::GCaMP3.0; pflp-12::Cre; pmyo-2:: 
mCherry] 

This work 

ZX2460 wild type zxEx1108[pflp-1(trc)::DOP-3RNAi (sense 
and antisense)] 

This work 
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4.1.9 Devices and equipment 

Table 9: Devices and equipment. 

Description Type Manufacturer 

Autoclave Line FVS 
5075 ELVC 

Fedgari 
Tuttnauer 

Bunsen burner Tipe 1010 Usebeck 

Cameras AxioCam MRm 
DC290 Zoom CCD 
ORCA-Flash2.8 
ORCA-Flash4.0 
PowerShotG9 

Carl Zeiss 
Kodak 
Hamamatsu 
Hamamatsu 
Canon 

Centrifuges Biofuge Pico 17 
Centrifuge 5810R 
Centrifuge 5415R 
Mikro 200R 

Heraeus 
Heraeus 
Eppendorf 
Hettich 

ddH2O equipment Milli-Q Plus Millipore 

Electrophoresis chamber Varia 1 Carl Roth 

Filter sets F31-044 (eCFP) 
F37-525 (eGFP) 
F37-580 (NpHR) 
F39-472 (ChR2) 
F41-007 (mCherry) 
F41-028 (YFP) 

AHF Analysetechnik 
AHF Analysetechnik 
AHF Analysetechnik 
AHF Analysetechnik 
AHF Analysetechnik 
AHF Analysetechnik 

Gel documentation system Felix 6040 Bio Step 

Heating block Rotilabo- Block Heater H 250 Carl Roth 

High Power LED KSL 70 (470 nm) 
KSL 70 (5900 nm) 

Rapp Optoelectronic 
Rapp Optoelectronic 

Incubation shaker Ectron (37 °C) INFORS HT 

Incubator DF8528 Slim Vip (-80 °C) 
FSK 3600 Index 20B (20 °C) 
Vinothek (15 °C) 

Skadi 
Liebherr 
Liebherr 

Lamps HBO 50 Mercury-vapor 
HBO 100 Mercury-vapor 
UVT-20 M/W 

Osram 
Osram 
Herolab 

Magnetic stirrer Stuart CB162 Bibby Scientific 

Micromanipulator MMJ Märzhäuser 

Micropipette puller Modell P97 Sutter 
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Description Type Manufacturer 

Microscopes Axiovert 40 CFL 
Axiovert Observer Z1 
Axiovert 200 
Axio Scope.A1 
Leica MZ 16F 
SMZ 645 
Zeiss Cell Observer SD 
Spinning Disc Confocal 
microscope 

Carl Zeiss 
Carl Zeiss 
Carl Zeiss 
Carl Zeiss 
Leica 
Nikon 
Carl Zeiss 

Microwave oven Generic MikroMaxx 

Optical power meter PM100 

PM100A 

S120UV 

S130A 

Thor Labs 

Thor Labs 

Thor Labs 

Thor Labs 

pH meter Cyberscan pH 510 Eutech 

Photometer NanoDrop ND-1000 Thermo Scientific Jenway 

Pipette  0.5 µL, 1 µL, 100 µL, 1000 µL Eppendorf 

Pipette controller Pipetus Accu Hirschmann 

Power meter PM100D Thorlabs 

Shutter Shutter Shutter Instrument Company 

Shutter control system Lambda SC Shutter Instrument Company 

Thermal cycler MyCycler Personal Thermal 
Cycler 

Bio-Rad 

UV transilluminator  Sunshine instruments 

Vortex shaker Vortex Genie 2 Scientific Industries 

Weighing machine  Analysewaage 770 Kern 

 

4.1.10 Consumables 

Table 10: Consumables. 

Description Type Manufacturer 

Centrifuge tube 15 mL and 50 mL Greiner Bio-One  

Cover slip Squared cover slip 22x22 mm Carl Roth 

Disposable tips 1 µL, 100 µL, 1000 µL Carl Roth 

Glass capillary 1B 100 F-4 World Precision Instruments 

Glass pipettes 5 mL, 10 mL and 25 mL Brand 

Microcentrifuge tube 200 µL 
Row of 8x 200 µL 
1.5 mL and 2 mL 

Sarstedt 
neoLab 
Carl Roth 

Microcentrifuge plate 96x 200 µL Carl Roth 

Microscope slide  Carl Roth 

Objective immersion oil Immersol 518F Carl Zeiss 
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Description Type Manufacturer 

Petri dish  60/15 mm, 100/20 mm and 
150/20 mm 

Greiner Bio One 

Protective gloves Rotiprotect latex and nitrile   

Parafilm Parafilm M VWR 

 

4.1.11 Software 

Table 11: Software. 

Name Version Manufacturer 

Arduino 1.8 Arduino Team 

Argus X1 3 Biostep 

Axio Vision 4.5 Carl Zeiss 

Canvas 9 ACD Systems 

Citavi  6 Swiss Academic Software 

Clone Manager 9 Sci Ed Central 

Clustal Omega  EMBL-EBI 

FIJI  Fiji contributors 

ImageJ 1.47v Wayne Rasband 

KNIME Desktop 2.12 KNIME.com 

LSM Image Browser 4.2 Carl Zeiss 

Micro-Manager 1.4 Open Imaging 

Microsoft Office 12.0.6607.1000 Microsoft 

NEBioCalculator™ V1.8.1 NEB  

Notepad++ 6.5.5 Notepad++ team 

Origin 9.1 OriginLab 

R 3.2.1 R Core Team 

VirtualDub 1.10.4 Avery Lee 

ZEN lite 2012 1.1.1.0 blue edition Carl Zeiss 

 

4.2 Microbiological and molecular methods 

4.2.1 Polymerase chain reaction (PCR)  

The polymerase chain reaction (PCR) is a standard molecular technique to amplify desired short DNA 

segments and was used for the molecular cloning of plasmids, or for the C. elegans genotyping in vitro 

(Mullis und Faloona 1987; Saiki et al. 1988). In the first step, an initial denaturation of the double-

stranded template (plasmid or genomic C. elegans DNA) was implemented to ensure the access and 

binding of the oligonucleotide primer at the matrix DNA. The PCR needs at least two complementary 
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primers, which flank and bind to the selected DNA region in a 3’ to 5’ (forward primer) and 5’ to 3’ 

(reverse primer) direction. After the annealing of the primer, the elongation was initiated, whereby 

the thermostable DNA polymerase fills the free matrix with deoxyribonucleoside triphosphates 

(dNTPs), starting at the 3’- end using the forward primer as a template. This reaction is repeated by a 

distinct number of cycles to exponentially double the copies of DNA, whereas each synthesized DNA 

strand serves as a new template. The Taq DNA polymerase was applied for PCR-based C. elegans 

genotyping and the Phusion DNA polymerase for cloning purposes, since this polymerase has a higher 

fidelity and proof-reading function to reduce the error rate during elongation. The temperature and 

duration of the indicated steps are dependent on the DNA polymerase, melting temperature and GC 

content of the primers and the length of the desired DNA segment. The reaction composition for the 

Taq and Phusion DNA polymerase-based PCR was assembled according the protocol and 

recommendation of NEB, with an application of 1 ng - 1 µg (for Taq) and 1 pg - 250 ng (for Phusion) 

template DNA. Table 12 and 13 represent the reaction conditions for the Taq and Phusion polymerase, 

respectively. Oligonucleotide primers were designed in silico using the program Clone Manager 9 

(Table 6). 

PCR products were purified afterwards via gel electrophoresis and gel extraction (chapter 4.2.3) or via 

phenol chloroform isoamyl alcohol (PCA) extraction (chapter 4.2.4). The concentration, as well as the 

purity of the DNA sample was determined using spectrometric analysis and the absorbance of the 

solution was measured at 260 and 280 nm using a photometer. Pure DNA solutions had a A260/A280 

ratio between 1.6 to 2.0. 

Table 12: Reaction conditions for the Taq DNA polymerase-based PCR. 

Step Temperature [°C] Duration [s] Cycles 

Initial denaturation 94 240 1 

Denaturation 94 30 30 

Primer annealing ~5 °C < melting 
temperature 

30 30 

Primer elongation 72 60 (for 1 kb) 32 

Elongation 72 600 1 
 

Table 13: Reaction conditions for the Phusion DNA polymerase-based PCR. 

Step Temperature [°C] Duration [s] Cycles 

Initial denaturation 98 30 1 

Denaturation 98 10 25-30 

Primer annealing ~5 °C < melting 
temperature 

30 25-30 

Primer elongation 72 30 (for 1 kb) 25-30 

Elongation 72 600 1 
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4.2.2 Preparative and analytic restriction digest 

Besides the PCR technique, another way to amplify specific DNA segments considers the DNA digestion 

with restriction enzymes. These enzymes were selected dependent on their recognition sequence, i.e. 

they recognize a specific sequence of nucleotides (4 to 6 bases) and cut them with a 3’ or 5’ cohesive 

overhang (sticky ends) or with blunt ends. For the molecular cloning of plasmids, a preparative 

restriction digest was applied, followed by a separation and purification of the DNA fragments via gel 

electrophoresis and extraction (chapter 4.2.3). The purified DNA fragments were subsequently used 

for individual DNA ligation via their compatible end regions (chapter 4.2.5). PCR products were also 

able to be combined, simply by adding cutting sites for specific restriction enzymes at the 5’-end of the 

oligonucleotide primer. Newly generated plasmids were verified using an analytic restriction digest, 

where the resulting DNA fragment pattern was analyzed using gel electrophoresis.  

The restriction digest was performed according the manufacture’s protocol and recommendation, 

with an application of 0.5-5 µg template DNA. The concentration of the applied restriction enzyme was 

calculated from its activity in units (U). One U of enzyme is sufficient to digest 1 µg DNA in 1h at 37 °C 

in a reaction volume of 50 µL. The concentration, as well as the purity, of the DNA sample was 

determined using spectrometric analysis. To minimize the possibility of a self-ligation of linearized 

plasmid fragments, a dephosphorylation reaction was implemented using the enzyme antarctic 

phosphatase. The enzyme removes the 5’ phosphates from both ends of the DNA fragments. The 

dephosphorylation reaction was performed according the manufacture’s protocol and 

recommendation, with an application of 1-5 µg template DNA. The concentration of the applied 

antarctic phosphatase enzyme was 5 U in a reaction volume of 20 µL. The dephosphorylation reaction 

was performed at 37 °C for 60 minutes, followed by an additional heat-inactivation of the enzyme at 

70 °C for 5 minutes.  

 

4.2.3 Agarose gel electrophoresis  

IN order to analyze DNA fragments after PCR amplification or digestion with restriction endonucleases, 

samples were loaded onto an 1-2 % agarose gel, which was dispersed in 1x TAE buffer by heating, to 

separate DNA fragments upon their size. DNA is negatively charged, due to their phosphate residues 

and thus can be separated upon an electric field from a negative cathode to a positive anode (Aaij und 

Borst 1972). Smaller linear DNA fragments pass the polymerized gel faster than larger or circular DNA 

fragments, depending on their retarding force. Optimal DNA fragment separation was reached with a 

voltage of between 5 and 7 V/cm. The DNA samples were supplemented with a DNA LoadingDye for 

the visual tracking of the migration, inhibition of metal-dependent enzymes and to weight down the 
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DNA in the gel pocket. To verify the size of the loaded DNA fragments, the marker GeneRuler DNA 

Ladder was additionally supplemented to the gel. It contains distinct DNA fragments with defined sizes. 

For DNA visualization, the agarose gel was stained for approximately 15 minutes in a solution 

containing ethidium bromide (EtBr) (0.1 % (w/v) EtBr in ddH2O). The fluorescent compound emits 

orange light with a wavelength of 590 nm upon UV light exposure and binds to DNA by stable 

intercalation between DNA base pairs. Gel images were recorded with a DC290 CCD Camera and 

visualized with the program Argus X1 V.3.  

The extraction of DNA from an agarose gel was performed using the Gel/PCR DNA Fragment Extraction 

Kit form Geneaid, according to the manufacture’s protocol and recommendation (Table 4). Agarose 

gel slices were cut out with a scalpel and a maximum weight of 400 µg. The DNA was eluted in 30 µl 

elution buffer or ddH2O, dependent on the following experiments. 

 

4.2.4 Phenol chloroform isoamyl alcohol (PCA) extraction 

Genomic or plasmid DNA was additionally purified to remove excessive salts and proteins, using PCA 

in a liquid-liquid extraction, based on the solubilities of different molecules. The purification was 

performed according to the protocol provided by Thermo Fisher Scientific. 200 µl of the DNA sample 

was supplemented with 100 µl PCA solution, vortexed thoroughly for approx. 1 minute and centrifuged 

at room temperature (RT) for 5 minutes at 16000 x g. The sample was separate in two phases, the 

lower organic phase and the upper aqueous phase containing the DNA, due to its negatively charged 

phosphate backbone. The upper aqueous phase was transferred to a new reaction tube and mixed 

with 7.5 M NH4OAc (0.5 x volume of sample) and 100 % ethanol (2.5 x volume of sample with NH4OAc). 

The DNA was precipitated at -80 °C for 1 hour and centrifuged afterwards at RT for 10 minutes at 16000 

x g. The DNA pallet was washed with 250 µl 70 % ethanol, dried at RT for 5-10 minutes and then diluted 

in the desired volume of ddH20. 

 

4.2.5 DNA fragment ligation 

DNA fragments obtained by PCR (chapter 4.2.1) or restriction digest (chapter 4.2.2), can be combined 

and individually ligated to generate new plasmids. For this purpose, the enzyme DNA T4 ligase was 

used, catalyzing the formation of a phosphodiester bonds between the 3’ hydroxyl and 5’ phosphate 

termini of DNA fragments, allowing the enzyme to join cohesive and blunt DNA ends. The ligation 

reaction was performed according the manufacture’s protocol and recommendation. The mass of 

insert and vector DNA was calculated using the NEBioCalculator and depended on the length and 

concentration of the DNA fragments. The molar insert:vector ratio was set at 3:1 or 5:1. For cohesive 
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DNA ends, the reaction mixture was incubated at RT for 1 hour or at 16 °C overnight. For the following 

transformation reaction with competent E. coli cells, a volume of 2-5 µl was applied. 

 

4.2.6 Transformation of E. coli 

The bacterial transformation describes the process of foreign DNA uptake and introduction through a 

membrane into a bacterial cell (Inoue et al. 1990). In this work a heat-shock based transformation of 

the E. coli strain DH5 with plasmid DNA was used for replication and selection purposes. Therefore, 

the plasmids carried a bacterial origin of replication and an ampicillin antibiotic resistance gene. E. coli 

cells are naturally not capable of taking up exogenous DNA. Thus, the membrane permeability of the 

cells and the process of DNA uptake was increased by induction of artificial competence, using calcium 

chloride (Hanahan 1983). The competent E. coli DH5 cells were stored in 100 µL aliquots at -80 °C. 

For the transformation reaction, cell aliquots were thawed on ice and supplemented with 2-5 µL of a 

100 ng ligation mixture or plasmid solution. Cells were incubated for 30 minutes on ice, followed by an 

additional heat-shock at 42 °C for 35 seconds. After a second incubation step for 2 minutes on ice, the 

cells were supplemented with 1 mL LB medium and recovered for 1 hour at 37 °C under constant 

shacking. Afterwards, the bacterial cells were centrifuged and palleted at 6.000 x g for 3 minutes and 

resuspended in 100 µL LB medium. The cell solution was plated on LB-agar plates (containing 100 µg/µL 

ampicillin) and incubated at 37 °C overnight. Single grown E. coli colonies were used to inoculate 

cultures for plasmid extraction and purification. Depending on the DNA amount to be extracted, the 

bacteria colonies were picked with a sterile pipette tip, added to 5 or 250 mL LB-medium (containing 

100 µg/µL ampicillin) and grown at 37 °C overnight. 

 

4.2.7 Plasmid DNA extraction and purification from E. coli 

Plasmid DNA from E. Coli cells was extracted and purified using different Kits, depending on the cell 

culture volume and the DNA amount to be extracted (Table 4). Cell cultures of 5 mL volume were used 

for a low scale purification, yielding in a small amount of plasmid DNA, sufficient for an analytic 

restriction digest (chapter 4.2.2). In contrast, cell cultures of 250 mL volume were used for high scale 

purification, in order to obtain high amounts of plasmid DNA for cloning purposes or the 

transformation of C. elegans via plasmid microinjection (chapter 4.3.2.1). The plasmid purification 

procedure was performed using the Rot-Prep Plasmid Mini for low scale and the NucleoBond PC 100 

kit for high scale purification (Table 4), according to the manufacture’s protocol and recommendation. 

Plasmid DNA was eluted in 30 or 500 µL ddH2O. 
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4.2.8 DNA sequencing 

DNA sequencing procedures were implemented based on a dideoxy sequencing reaction, where an 

oligonucleotide primer is annealed to a single-stranded DNA template and extended by a DNA 

polymerase and specifically labeled dNTPS (Slatko et al. 2001). All sequencing assignments were 

purchased from the company Eurofins MWG GmbH. According to the company’s recommendation, 

purified PCR DNA products (up to 3 kb) and plasmid DNA (up to 30 kb) were diluted in ddH2O with a 

concentration of 10 ng/µL and 50-100 ng/µL, respectively. Sequencing samples were premixed and 

directly supplemented with 2 µL of 10 µM concentrated sequencing primer to an end volume of 17 µL. 

 

4.2.9 Cloning strategies 

Plasmid constructs were created by the assembly of purified DNA fragments, obtained via PCR 

amplification and restriction digest of genomic C. elegans or plasmid DNA. All constructs contain a 

promotor and reporter gene sequence, followed by a 3’ untranslated region (UTR) from the unc-54 

gene for enhanced C. elegans gene expression. The constructs pAO08 and pAO35 were obtained using 

a fusion-PCR approach, where two overlapping DNA fragments were combined. Therefore, the 

promotor and the reporter gene sequence (GFP or mCherry) along with the 3’ UTR, were amplified in 

two separate PCR reactions. The 3’ primer for the promotor has an overhang sequence for the reporter 

gene and the products are fused in a third PCR reaction, using an additional set of nested primers 

(Hobert 2002). Plasmid maps for all constructs are provided on CD-ROM. 

 

pAO03 (plin-11::NPR-6::SL2::GFP): A fragment containing the npr-6 cDNA was amplified from the 

plasmid pcDNA3.1(-)::NPR-6(cDNA) using NheI and KpnI restriction sites and cloned into pAO04. 

Sequencing was performed using the primers oAO22, oAO23 and oEF77. The npr-6 cDNA sequence 

was identical to the predicted cDNA sequence (data available at wormbase.org) with exception of a 

12 bp insertion (GAAACAGATTCA) after position 1114. 

pAO04 (plin-11::SL2::GFP): A ~44 bp promotor fragment for lin-11 was amplified from pPGF11.07 using 

KpnI and AgeI restriction sites and cloned into pCS174. Sequencing was performed using the primer 

oEF77. 

pAO05 (punc-17::NPR-6::SL2::GFP): A fragment containing the npr-6 cDNA was amplified from the 

plasmid pcDNA3.1(-)::NPR-6(cDNA) using Nhe and SapI restriction sites and cloned into pRM348. 

Sequencing was performed using the primers oCS287, oAO23 and oEF77. 
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pAO06 (pflp-12::NPR-6::SL2::GFP): A fragment containing the npr-6 cDNA was amplified from the 

plasmid pcDNA3.1(-)::NPR-6(cDNA) using NheI and KpnI restriction sites and cloned into pCS213. 

Sequencing was performed using the primers oAO22, oCS378 and oEF77. 

pAO07 (pflp-12::LoxP::LacZ::STOP::LoxP::NPR-6::SL2::GFP): A fragment containing the LoxP cassette 

was amplified from pCS174 using NheI restriction sites and cloned into pAO06. Sequencing was 

performed using the primers oAO22, oCS294, oCS378 and oEF77. 

pAO08 (pflp-26::GFP): A ~2.6 kb promotor fragment for flp-26 was amplified from genomic C. elegans 

DNA using the primers oAO61 and oAO63 and a fragment containing GFP was amplified from pCS175 

using the primers oAO64 and oAO65. Both PCR products were fused using the primers oAO62 and 

oAO66. Sequencing was performed using the primers oFC33 and oSW32.  

pAO16 (pnpr-6::NPR-6::SL2::GFP): A ~2.8 kb promotor fragment for npr-6 was amplified using the 

primers oAO116 and oAO117, combined with NheI and SphI restriction sites and cloned into pAO07. 

Sequencing was performed using the primers oAO22, oAO23 and oEF77. 

pAO18 (pflp-1(trc)::HisCl1::SL2::GFP): A fragment containing HisCl1 was amplified from pNP403 using 

XbaI and KpnI restriction sites and cloned into pCS175. Sequencing was performed using the primers 

oEF3 and oEF77. 

pAO19 (pflp-1(trc)::DOP-3::SL2::GFP): A fragment containing the dop-3 cDNA was amplified from 

pKE23 using BamHI and KpnI restriction sites and cloned into pCS175. Sequencing was performed using 

the primers oEF3 and oEF77. 

pAO22 (pflp-1(trc)::DOP-1::SL2::GFP): A fragment containing the dop-1 cDNA was amplified from 

pDC53 using NheI and KpnI restriction sites and cloned into pAO18. Sequencing was performed using 

the primers oEF3 and oEF77. 

pAO23 (ptwk-16::DOP-1::SL2::GFP): A fragment containing the dop-1 cDNA was amplified from pDC53 

using the primers oAO125 and oAO140, combined with NheI and KpnI restriction sites and cloned into 

pAO36. Sequencing was performed using the primers oEF77 and oEK8. 

pAO26 (ptwk-16::DOP-1RNAi sense): A ~0.8 kb fragment containing a section of the dop-1 cDNA was 

amplified in sense orientation from pDC53 using the primers oAO142 and oAO145, combined with 

ApaI and SacI restriction sites and cloned into pAO31. Sequencing was performed using the primers 

oCoS16 and oKE8. 

pAO27 (ptwk-16::DOP-1RNAi antisense): A ~0.8 kb fragment containing a section of the dop-1 cDNA 

was amplified in anti-sense orientation from pDC53 using the primers oAO143 and oAO146, combined 
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with ApaI and SacI restriction sites and cloned into pAO31. Sequencing was performed using the 

primers oCoS16 and oEK8. 

pAO28 (pflp-1(trc)::DOP-3RNAi sense): A ~0.3 kb promotor fragment for flp-1 was amplified in sense 

orientation from pCS175 using the primers oAO120 and oAO121. A ~1.2 kb fragment containing a 

section of the dop-3 cDNA was amplified from pKE23 using the primers oJN174 and oJN175. Both PCR 

products were fused using the primers oAO120 and oJN175. Sequencing was performed using the 

primer oAO41.  

pAO29 (pflp-1(trc)::DOP-3RNAi antisense): A ~0.3 kb promotor fragment for flp-1 was amplified in 

antisense orientation from pCS175 using the primers oAO120 and oAO122. A ~1.2 kb fragment 

containing a section of the dop-3 cDNA was amplified from pKE23 using the primers oJN174 and 

oJN175. Both PCR products were fused using the primers oAO120 and oJN174. Sequencing was 

performed using the primer oAO41.   

pAO31 (ptwk-16::SL2::GFP): A ~0.8 kb promotor fragment for twk-16 was amplified from pKE23 using 

SapI and SacI restriction sites and cloned into pCS175. Sequencing was performed using the primers 

oEF77 and oKE8. 

pAO34 (ptwk-16::miniSOG::SL2::GFP): A ~0.8 kb promotor fragment for twk-16 was amplified from 

pKE23 using the primers oAO139 and oCoS123, combined with SapI and EcoRV restriction sites and 

cloned into pCS204. Sequencing was performed using the primers oEF77 and oKE8.  

pAO35 (pfrpr-7::mCherry): A ~2 kb promotor fragment for frpr-7 was amplified from genomic 

C. elegans DNA using the primers oAO135 and oAO137 and a fragment containing mCherry was 

amplified from pCFJ90 using the primers oAO112 and oAO138. Both PCR products were fused using 

the primers oAO113 and oAO136. Sequencing was performed using primers oAO113 and oKE66. 

pAO36 (ptwk-16::HisCl1::SL2::GFP): A ~0.8 kb promotor fragment for twk-16 was amplified from 

pKE23 using BamHI and PciI restriction sites and cloned into pAO18. Sequencing was performed using 

the primers oEF77 and oKE8. 

pAO46 (ptwk-16::ICE): A ~0.8 kb promotor fragment for twk-16 was amplified from pKE23 using BamHI 

and BsrGI restriction sites and cloned into pCS169. Sequencing was performed using the primers oKE8 

and oKE27. 

pAO51 (pflp-12::LoxP::LacZ::STOP::LoxP::mCherry): A fragment containing mCherry was amplified 

from pCS174 using XhoI and EagI restriction sites and cloned into pAO07. Sequencing was performed 

using the primers oCS378 and oKE66. 
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4.3 Methods for the work with C. elegans 

4.3.1 Maintenance of C. elegans 

All C. elegans strains were grown on petri dishes filled with Nematode Growth Medium (NGM) and 

seeded with the E. coli strain OP-50-1 as a food source. Therefore, petri dishes with 60 to 100 mm 

diameter were filled with 8 to 20 mL NGM, dried overnight at RT and supplemented with 300 µl to 

1 mL of an OP-50-1 liquid culture. This E. coli strain has a streptomycin resistance gene for selective 

cultivation in LB medium with 0.2 % streptomycin (w/v) and contains an uracil auxotroph to prevent 

overgrowth of the bacterial lawn (Brenner 1974). 

C. elegans wild type animals have a short life cycle which comprises 3 to 4 days at RT and can be 

extended up to 6 days at 16 °C (Byerly et al. 1976). Thus, a sub-culturing in regular intervals (every 1 

to 3 generations) becomes necessary to avoid overgrowth, starvation and the development of dauer 

larvae stages. It is possible to keep stocks of cultivated lines, either on NGM plates at 16 °C for a period 

of several weeks or in glycerol stocks (S buffer with 30 % glycerol (V/V)), stored at -80 °C or in liquid 

nitrogen for a period of several years. For the selective transfer of single animals, a platin wire was 

heat-sterilized and covered with a small amount of bacterial lawn to stick the animal to the wire. 

Alternatively, a hair pick made of human eye lashes can be used to avoid unwanted transmission of 

bacteria. For the transfer of a higher number of animals, a small NGM piece of a populated plate was 

cut out with a sterilized spatula and transferred upside down to a fresh OP-50-1 seeded NGM plate. 

For the visualization of the animals, a stereomicroscope equipped with a transmitter light source was 

used. 

 

4.3.1.1 Decontamination of C. elegans 

In the case of contaminations of C. elegans lines with bacteria, yeast or mold, the animals were treated 

with a hypochlorite bleaching solution (0.5 M sodium hydroxide, 3.6 % (w/v) sodium hypochlorite). 

Therefore, 10 to 15 gravid adult hermaphrodites were transferred to a droplet of the bleaching 

solution and incubated for approximately 10 minutes, until the hermaphrodites have dissolved. 

C. elegans eggs have a robust shell and were not affected by this treatment. Afterwards, the remaining 

eggs were removed from the hypochlorite remnant to ensure the survival of the freshly hatched larvae.  
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4.3.2 Creation of transgenic C. elegans strains 

4.3.2.1 Transformation of C. elegans using microinjection 

Microinjection is a technique of transformation, where foreign DNA can be introduced into the 

C. elegans gonads in an integrative and non-integrative form. In the latter case, DNA is stably passed 

through the germline as large extrachromosomal arrays that were formed during homologous 

recombination and resemble high numbers of free chromosomal duplicates. From these arrays, only a 

certain percentage is transmitted to the daughter cell during cell division (Mello et al. 1991). In order 

to identify transgenic lines carrying the extrachromosomal DNA, markers are co-injected, particularly 

reporter gene constructs coding for a fluorescence protein or proteins controlling strong behavior and 

morphological phenotypes. In this work, transformation of C. elegans was used to implement 

optogenetic tools, to rescue a mutant phenotype using a wild type copy of the encoded DNA and to 

analyze the expression pattern of a gene of interest. Furthermore, gene silencing was induced using 

RNA interference (RNAi). Plasmids expressing dsRNA in a sense and antisense direction under the 

control of a specific promotor were microinjected, resulting in a specific degradation of the targeted 

endogenous mRNA (Ohkumo et al. 2008).  

The composition of the injection mixture used for the transformation, is shown in table 14. To increase 

the possibility of extrachromosomal array formation, the total DNA amount was set up to 150 ng/µl. 

The following plasmids were used as co-injection markers: pmyo-2::mCherry, pmyo-3::mCherry and 

pmyo-3::eCFP (Table 5). 

Table 14: Injection mixture.  

Substance Volume [µL] 

Injection buffer 3 

Plasmid or PCR product  10-100 ng/µL 

Marker plasmid 20-100 ng/µL 

Fill DNA add to 150 ng/µL total DNA amount 

ddH2O add to 30 µL total volume 

 

In order to prevent clogging of the injection needles, the solution was centrifuged at 13000 x g for 

10 minutes and 15 µl of the supernatant were extracted. Injection needles were obtained using glass 

capillaries, pulled with a micropipette puller (Parameter: Heat 250, Pull 133, Vel 140, Time 255) and 

filled with ~0.3 µl of the supernatant DNA mixture in an upside-down position, making use of capillary 

forces. The injection needles were mounted to the stereo microscope Axiovert 40 CFL (Zeiss) via a 

micromanipulator supplied by an air pressure outlet. A coverslip with an agarose pad (2% (w/V) in 

ddH2O) was prepared and placed on a microscope slide and transferred to the microscope stage. To 
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facilitate the injection procedure, the needle was fixed to the micromanipulator and the stage, 

containing the agarose pad, was moved towards the needle along the vertical axis. The needle tip was 

opened by touching the edge of the agarose pad, in combination with induced air pressure. Young 

adult animals were placed on the agarose pad with the dorsoventral axis parallel to the microscope 

slide and covered with a droplet of halocarbon oil to prevent drying and moving of the animals. The 

dorsal side of the animal was moved parallel to the needle and the DNA mixture injected into the 

anterior and posterior area of the animal, containing the syncytial gonads, using carful bursts of air 

pressure (Figure 29). 

 

 

Figure 29: Transformation of C. elegans using microinjection. Scheme of the gonad structure of an adult hermaphrodite. The 

gonad forms two U-shaped tubular arms, whereas on the dorsal side mitotically active germ-cells surround a core of 

cytoplasm, forming the syncytium. The injection capillary needs to be inserted in the syncytium to ensure efficient 

transformation. From this region, nuclei migrate to the opening of the gonad, undergoing meiosis and forming oocytes. Scale 

bar: 50 µm. Image adapted from Rieckher und Tavernarakis 2017. 

After injection, the animals were recovered in a droplet of M9 buffer and transferred to a freshly 

seeded NGM plate. To ensure a successful transformation, at least 25 animals were treated by 

microinjection. In the next generation, F1 transformants were separated on single OP-50-1 seeded 

NGM plates and screened for positive transgene F2 progeny with high transmission rate.  
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4.3.2.2 Crossing of C. elegans 

Crossing of individual lines has been used in this work as one of the great advantages of the C. elegans 

genetic system. As already mentioned, C. elegans has two sexes, hermaphrodites (XX) and males (XO). 

Hermaphrodites are able to reproduce by self-fertilization, producing oocytes and a small number of 

sperm cells. They are formed by mitosis with one crossover event per chromosome (Hope 2005; 

Strange 2006). To exchange genetic information and mutations between individual animals, 

hermaphrodites can also cross-fertilize using sperm cells contributed by a male after mating. In this 

case, sperm cells from the male are preferentially used (Hope 2005). Only ~0.02 % of a C. elegans 

population are males, resulting from a spontaneous X chromosome loss in hermaphrodite 

gametogenesis. Consequently, males occur infrequently in cultures propagated by hermaphrodite self-

fertilization (Ward und Carrel 1979). In this work, crossing of C. elegans has been used in order to 

combine transgenic lines with mutants for synaptic transmission or neuropeptide signaling, or to 

combine different lines with distinct expression pattern of a reporter gene.  

In order to increase the spontaneous male frequency up to 2-5 %, male formation was induced by 

implementing a heat-hock treatment (Wood 1988). Therefore, five L4 stage hermaphrodites were 

transferred to an OP-50-1 seeded NGM plate and incubated for 5.5, 6 and 6.5 hours at 30 °C. Since the 

efficiency of this method is highly variable and dependent on the mutation of the strains, a treatment 

with EtOH was alternatively used. L4 stage hermaphrodites were exposed to 10 % EtOH (v/v) in M9 

buffer for 30 minutes, additionally washed with M9 buffer and recovered on OP-50-1 seeded NGM 

plates. Animals exposed to EtOH exhibit a nondisjunction of the X chromosome during 

spermatogenesis (Lyons and Hecht, 1997). 

Crossing of animal lines were implemented by placing L4 staged hermaphrodites together with adult 

males, at a ratio of 1:3, to a local OP-50-1 bacterial spot of a non-seeded NGM plate. After 12 hours, 

the young adult hermaphrodites were separated on single seeded NGM plates. If mating occurred 

efficiently, the next generation had a 50 % hermaphrodite and 50 % male ratio. In this work, three 

types of crossing were implemented, depending on the P0 generation: 

a) If the P0 hermaphrodite had a homozygous mutant background (m/m), the F1 generation was 

entirely heterozygous for the mutation (m/+). After self-fertilization one half of the following 

F2 progeny was heterozygous (m/+), and one quarter was homozygous either for wild type 

(+/+) or for the mutation (m/m).  

b) If the P0 hermaphrodite had a homozygous mutant background (m/m) on the X chromosome, 

the males of the F1 generation were heterozygous for the mutation (m/+) and were selected 

c) for a second round of crossing with hermaphrodites homozygous for the mutation (m/m). The 

following F1 generation was homozygous for the mutation (m/m). 



Material and Methods 

 

79 
 

d) If the P0 hermaphrodites (a/a) and males (b/b) were transgene for different markers, the F1 

generation was entirely heterozygous for both markers (a/+; b/+). After self-fertilization, one 

half of the following F2 progeny was heterozygous for both markers (a/b), and one quarter 

homozygous either for one (a/a) or for the other marker (b/b).  

Animals of the F2 generation were isolated and the F3 generation was screened for homozygosity, 

either by observation of fluorescent markers and behavioral phenotypes, or using PCR- based genomic 

genotyping.  

 

4.3.3 Isolation of genomic DNA from C. elegans  

In this work, genomic DNA from C. elegans was applied for cloning procedures and genomic 

genotyping, whereby DNA sequences of the gene region of interest were amplified via PCR. In order 

to isolate large amount of genomic wild type DNA, about 25 animals were pooled and transferred to a 

reaction tube containing 10 µl single egg worm lysis buffer (SEWLB) with proteinase k (0.4 µg/ml) and 

incubated for 30 minutes at -80 °C. Afterwards, the animals were lysed at 60 °C for 1 hour and the 

proteinase k was inactivated by a following heating step at 95 °C for 15 minutes. The DNA lysate were 

directly applied in the PCR-based DNA amplification as a template. For C. elegans genotyping, the 

application of a lower amount of genomic DNA is sufficient. In the first round, 10 animals from 

individual plates were pooled and transferred to a reaction tube containing 2.5 µl SEWLB proteinase k 

solution, followed by the initial lysis procedure. Positive screened plates, containing animals with the 

putative genotype, were tested individually in a second round. Therefore, 10 animals from individual 

plates were transferred separately isolated to the reaction tube.  

 

4.3.3.1 PCR-based genotyping of C. elegans 

After C. elegans crossing, PCR-based genotyping was used to verify a homozygous genotype of the F3 

progeny. Therefore, wild type and mutant strains were compared upon differences in their genome, 

referred to a deletion or a substitutional point mutation in the DNA sequence, leading to a knockout 

of the gene of interest. In order to prove their appearance, PCR-based DNA amplification was 

performed using two oligonucleotide primers flanking the deletion, resulting in different sized 

fragments for the mutant and wild type strain. If the deletion was smaller than ~600 bp, the PCR 

product for the deletion allele could potentially compete with the production of the wild type 

fragment, which has almost the same size. In this case, an additional “poison” primer was used that 

binds within the deletion. Thus, the DNA amplification leads to distinct smaller fragments that only 

appear in wild type animals (Edgley et al. 2002). A DNA fragment containing the substitutional point 
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mutation was first amplified by PCR, following a restriction digestion or sequencing, depending on 

possible restriction sites. Genomic DNA from homozygous wild type or mutant strains served as a 

positive control, whereas a mixture of their DNA was used to identify a heterozygous genotype. The 

following table 15 represents all mutants used during this work and their PCR specification for 

genotyping.  

Table 15: PCR specification for mutant genotyping. 

Genotype Mutation Oligonucleotides 

cat-2(e1112) c/t substitution oKE32, oKE33 

daf-10(tm2878) deletion (491 bp) oAO37, oAO38  

dop-1(vs100) deletion (167 bp) oCS189, oCS190 

dop-3(vs106) deletion (248 bp) oCS187, oCS188, oCS310 

flp-1(ok2781) deletion (411 bp) oAO49, oAO,50, oAO51 

flp-1(ok2811) deletion (490 bp) oAO44, oAO49, oAO50  

flp-26(gk3015) deletion (665 bp) oAO54, oAO57, oAO58, 

frpr-7(gk465846) c/t substitution oAO100, oAO101 

lite-1(ce314) c/t substitution oCS131, oCS132 

npr-2(ok419) deletion (1374 bp) oAO12, oAO13, oAO14 

npr-3(tm1583) deletion (1817 bp) oAO15, oAO16, oAO18 

npr-6(tm1497) deletion (609 bp) oAO19, oAO20, oAO21 

tax-4(ks11) c/t substitution oAO152, oAO153 

 

4.3.4 Extraction and purification of RNA from C. elegans for gene expression profiling 

Gene expression profiling of individual neurons is a powerful approach to determine relevant genes to 

be functionally analyzed in vivo (Spencer et al. 2014). In this work, AVK interneurons were isolated 

from L1 larval cultures using fluorescence activated cell sorting (FACS) and subsequently analyzed for 

gene expression using RNA sequencing (RNA-Seq). Therefore, a fluorescent reporter transgene has 

been generated, autonomously expressing mCherry in AVK interneurons under the control of the 

pflp-1 promotor. 

 

4.3.4.1 Embryo isolation from C. elegans  

To obtain a large number of transgenic animals of the L1 larval stage, synchronized gravid adults were 

cultivated at large scale, followed by the isolation of their embryos. Therefore, animals were cultivated 

on an OP-50-1 seeded 60 mm NGM plates on 25 °C for 2 to 3 days, until the bacterial food supply was 

depleted and the animals starved. Thus, embryos hatch and arrest at the L1 larval stage in the absence 
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of bacterial food (Johnson et al. 1984). The agar was subsequently cut in four sections and each piece 

transferred to a new OP-50-1 seeded 100 mm NGM plate, where the animals were again cultivated 

and starved on 25 °C for 2-3 days. Afterwards, the agar of each plate was cut once more in five section 

and transferred to bacteria seeded agar plates of 150 mm size (20 plates in total). These plates were 

filled with 8 P medium, which had a high peptone concentration, leading to a thick bacterial lawn. 

Furthermore, the plates were seeded with the E. coli NA22, which in contrast to the uracil-requiring 

OP-50-1, grow in thicker layers, constituting a bacterial food source for a high number of animals 

(Bianchi und Driscoll 2006). The animals were grown again for 2-3 days until the plates are crowded 

with gravid adults. Afterwards, the animals were washed with 10 mL sterile ddH2O per plate, collected 

separately 50 mL reaction tubes and centrifuged at 250 x g for 2.5 minutes (the general setting for 

following centrifugation steps). The supernatant was removed and the remaining animals were treated 

with 10 mL bleach solution per reaction tube and shaken for 5 minutes using a nutating mixer. To make 

sure the adult animals were releasing their eggs, a small amount of the sample was taken and the state 

of dissolution was confirmed by microscopy. The bleach reaction was terminated by adding 1x egg 

buffer to each 50 mL reaction tube, followed by an additional centrifugation step as indicated. The egg 

pellets were washed 3 more times with 10 mL 1x egg buffer, to remove excessive bleach solution, and 

combined in one 15 mL reaction tube. To separate embryos from carcasses and debits, the pellet was 

resuspended in 10 mL of a 30 % (w/v) sucrose solution and centrifuged. The supernatant, containing 

the embryos on top, was removed and collected in a separate 15 mL reaction tube, filled up with sterile 

ddH2O and pelleted by centrifugation as indicated.  

 

4.3.4.2 L1 larval cell cultivation 

After the isolation of the embryonic cells, the pellet was separated in two 50 mL reaction tubes, 

resuspended with 25 mL M9 buffer and cultivated on a nutating rotator for 16-18 hours at 20 °C. L1 

larval animals were spin down at 250 x g for 5 minutes at 4 °C. The supernatant was removed, the 

pellet resuspended in M9 buffer and transferred in a 1.5 mL reaction tube and resolved in 200 µL of a 

0.25 % SDS- 0.2 M DTT solution for 2-4 minutes at RT. The reaction was terminated adding 800 µL 1x 

concentrated egg buffer following an additional centrifugation step at 13.000 x g for 1 minute. The 

supernatant was removed, and the pellet washed again five more times with 1 mL egg buffer. To break 

up the L1 larvae, 100 µL of a 15 mg/mL pronase solution was added and incubated for 20-25 minutes 

at RT. During incubation, the solution was resuspended 160 x with a pipette under mechanical 

pressure. Solved cells were supplemented with 900 µL egg buffer and centrifuged at 10000 x g for 5 

minutes at 4 °C. The cells were washed again two more times with 1 mL egg buffer and filtrated using 

a 5 µm filter and a suitable syringe. The cells were collected in a 2 mL reaction tube and the filter was 
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washed additionally with 1 mL egg buffer. Afterwards, the cells were pelleted again by centrifugation 

at 6000 x g at RT and pooled in 1 mL egg buffer. Finally, the purified solution contained a mixture of 

C. elegans wild type cells, including AVK cells expressing mCherry (Figure 30 A). The cell solution was 

supplemented with 1 µg/mL DAPI (for the visualization of damaged or death cells) and sorted upon 

mCherry florescence using FACS (BD FACS Aria) (Fox et al. 2005) (Figure 30 B). mCherry fluorescent 

cells were collected in a 1.5 mL reaction tube, supplemented with TRIzol solution (750 µL TRIzol and 

250 µL cell lysate in a ratio 1:3) for following RNA extraction. The final solution had a total number of 

~25000 cells.   

 

A                                                                                    B 

 

 

Figure 30: Isolation of AVK cells from L1 larval animals by FACS sorting. A) Fluorescent image of purified L1 staged AVK cells 
expressing mCherry. The AVK process is indicated by arrowheads. Scale bar: 5 µm B) Scatterplot of a FACS profile from purified 
L1 staged cells, including AVK cells expressing mCherry. DAPI was supplemented to mark dead cells. mCherry labeled cells 
(box) were selected and isolated. 

 

4.3.4.3 RNA extraction using TRIzol reagent 

For the extraction of C. elegans RNA, a Phase Lock Gel (PLG) system (Eppendorf) in combination with 

chloroform-isoamyl alcohol was used to clearly separate nucleic acids in an aqueous-organic interface. 

First, a 1.5 mL PLG tube was spun briefly at 13000 x g for 30 seconds to collect the gel phase on the 

tube bottom. 500 µL of the cell lysate was added to the PLG tube, incubated for 5 minutes at RT and 

supplemented with 100 µL chloroform by inverting the tube for ~15 seconds. The sample was 

centrifuged at 12000 x g for 10 minutes at 4 °C. The clear aqueous phase was entirely atop the phase 

lock gel barrier and the organic phase containing proteins and cell fragments was trapped at the 

bottom of the tube. The aqueous phase, containing the RNA, was transferred to a DNase- and RNase-
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free reaction tube and supplemented with 500 µL isopropanol by inverting the tube. 12 µL of a 

5 mg/mL mussel glycogen solution was added to the RNA solution, mixed by inversion and incubated 

for 10 minutes at RT. The RNA was palleted by centrifugation at 12000 x g for 10 minutes at 4 °C, the 

supernatant was discarded and the pellet washed two times with 1 mL of 70% ethanol, by inverting 

the tube for several times. The sample was again centrifuged at 7500 x g for 5 minutes at 4 °C, residual 

ethanol removed and the pellet air dried for 5-10 minutes at RT. The precipitated RNA was diluted for 

10 minutes in 20 µL sterile DNase- and RNase-free ddH2O at RT. After extraction, the RNA solution was 

cleaned using a DNA-Free RNA Kit (Zymo research) according the manufacturer’s protocol and 

recommendation, at which the RNA was digested with DNase I in a 50 µL final reaction volume 

(Table 16). 

Table 16: DNAse digestion mixture for the cleaning of RNA samples. 

Substance Volume [µL] 

RNA sample 20 µL 

10 x DNAse I buffer  5 µL 

RNase-free DNAse I 2.5 µL 

ddH2O add to 50 µL total volume 

 

The integrity and final concentration of the RNA sample was verified using the Agilent 2100 Bioanalyzer 

(Agilent genomics). RNA purity was calculated and assigned with an RNA integrity number (RIN) from 

1 to 10, whereas a score of 10 defined the absence of RNA degradation. The following RNA-Seq analysis 

was performed in a collaboration with Dr. R. McWhirter and Prof. D. Miller III (Vanderbilt University, 

USA), using the SMART-Seq V3 Ultra Low Input RNA Kit (Clonetech-Takara) for cDNA synthesis and 

amplification. The cDNA was subsequently sequenced and data collected using the HiSeq 2500 system 

(Illumina). Reads were analyzed using the CLC Genomics Workbench Version 11 and differently 

expressed transcripts were obtained using edgeR from a comparison of five independently isolated 

AVK samples and one wild type L1 reference sample. Genes significantly enriched (FDR-corrected-p 

value < 0.001; fold change > 2), were considered as differently expressed in AVK compared to other 

C. elegans L1 larval cells. The final dataset was filtered for stress-related transcripts, that are induced 

by cell dissociation and for highly expressed epidermis-specific transcripts, likely derived from a 

contamination with other cells during AVK isolation (Spencer et al. 2014; Oranth et al. 2018). RNA-Seq 

data is available online at the gene expression omnibus (GEO) repository 

(https://www.ncbi.nlm.nih.gov/geo/; GEO: GSE121129) and provided on CD-ROM. 
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4.3.5 Analysis and manipulation of synaptic transmission  

In C. elegans, synaptic transmission mediates the communication between neurons and muscle cells 

at the NMJ. As already indicated, transmission is initiated by calcium currents and the depolarization 

of the presynaptic cell, leading to an increased release of neurotransmitters via synaptic vesicles, which 

binds and activates receptors of a postsynaptic cell (Südhof 2013). ACh release from cholinergic 

motoneurons leads to an excitation and contraction of the postsynaptic muscle cell and thus to an 

alteration in locomotion (Richmond und Jorgensen 1999). In order to analyze the cholinergic 

transmission at the NMJ, the enzyme AChE was inhibited using aldicarb. In the synaptic cleft, AChE 

hydrolyses ACh to acetate and choline, thus terminates the synaptic transmission. If the esterase is not 

functional, ACh is accumulated in the synaptic cleft, receptors for ACh are over-activated and the 

persistent excitation of the muscle cells leads to a paralysis of the animals (Mahoney et al. 2006). Thus, 

by comparing the time-course of aldicarb-induced paralysis, it is possible to infer the relative efficiency 

of synaptic transmission in different mutants for neurotransmitter and neuropeptide signaling. If one 

of the mutants show decreased levels of synaptic transmission, less ACh is present and the paralysis of 

the animals are delayed compared to wild type animals. Then mutants are called aldicarb resistant. On 

the other hand, if there is a high level of synaptic transmission and thus a fast paralysis of the mutants, 

they are aldicarb hypersensitive.  

For the estimation of aldicarb induced paralysis of distinct mutants, 10 to 15 animals were placed on 

OP-50-1 seeded NGM plates, containing 1 mM aldicarb and the time course of paralysis was measured. 

The experiment was implemented in a blinded manner and all genotypes were analyzed at the same 

day with the same bath of aldicarb plates. Animals were poked three times at the head and tail region 

using a hair pick, followed by a 5 second responding time were body movement was observed and 

noted. Animals were defined as paralyzed by the complete absence of movement and the number of 

paralyzed animals was calculated as a ratio of the total number of animals on each plate. Mutants for 

the synaptic transmission proteins UNC-10 and DGK-1 were chosen as a control for aldicarb resistance 

and hypersensitivity, respectively (Nguyen et al. 1995; Miller et al. 1999).  
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4.4 Microscopy Methods 

4.4.1 Optogenetic implementation and manipulation 

Since microbial rhodopsins have different spectral and kinetic properties, the activation of optogenetic 

tools requires light with different wavelength, intensities and periods of application during behavioral 

recordings and fluorescence imaging approaches. Therefore, an upright Axio Scope.A1 microscope 

(Zeiss) was equipped with a 50W HBO mercury lamp, complemented with different filter sets. For the 

activation of ChR2 or miniSOG with blue light and the activation of NpHR with yellow light, the filter 

sets F39-472 (472±30) and F37-580 (580±23) were used, respectively (AHF Analysentechnik). Light 

intensities were measured using a power meter (Thorlabs), equipped with a photodiode sensor, and 

adjusted by the application a neutral density filters (AHF Analysentechnik). Illumination was controlled 

with a computer-driven Lamda SC Smart shutter controller unit (Shutter instruments), driven by a TTL 

pulse protocol, which was programmed using the provided software Lambda SC utility. As already 

indicated, optogenetic proteins require the cofactor ATR to be functional and since C. elegans is not 

able to generate ATR, it has to be exogenous added to the animals (Nagel et al. 2005). Therefore, L4 

larval staged animals were selected 12 hours before the experiments, transferred to NGM plates, 

which were seeded with E. coli OP-50-1 supplemented with 100 µM ATR and cultivated to the young 

adult stage at 20 °C. To avoid unspecific activation of the optogenetic proteins, animals were always 

kept in the dark, the moment they were transferred to ATR. For all experiments, animals not treated 

with ATR were used as a negative control.  

 

4.4.2 Recording and analysis of behavioral patterns 

For the analysis of bending angles, trajectories and other locomotion parameters, young adult animals 

were transferred to a non-seeded NGM plate (60 mm diameter filled with 8 ml NGM) and recovered 

for 10 to 15 minutes (if not noted otherwise) (Figure 42 and 43). Alternatively, for assays in the 

presence of food, a thin layer of bacterial lawn was seeded onto the plates by pipetting ~ 500 µl 

OP-50-1 bacterial culture onto the dish. Surplus liquid was removed from the edge of the plate using 

a kimwipe tissue and seeded plates were dried for approximately 1 hour at RT. Importantly, the layer 

must be thin to able proper animal tracking, but still thick enough to provide chemical and mechanical 

sensation. For experiments including the addition of exogenous neurotransmitters or aldicarb, plates 

were poured with NGM media, complemented with 10 mM dopamine, 20 mM histamine or 1 mM 

aldicarb (NGM+) and dried for approximately 1 hour at RT. Afterwards, animals were transferred to 

the non-seeded NGM+ plates and recorded after 10 minutes incubation and recovery. For longer 
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incubation times, animals were placed on OP-50-1 seeded NGM+ plates beforehand, to avoid 

unwanted starvation and comparable conditions to the non-treated control (Figure 95). 

 

4.4.2.1 Bending angles 

Animals were recorded during crawling for a period of 30 seconds, optionally followed by 30 seconds 

with either blue (470 nm; 1 mW/mm²) or yellow light (580 nm; 1-4 mW/mm²) for the photoactivation 

of ChR2 and NpHR, respectively (if not noted otherwise). For the implementation of cell ablation using 

miniSOG, animals were beforehand illuminated for 15 minutes with blue light (470 nm; 0.8 mW/mm2) 

and additionally recovered for 15 minutes in the dark. Measurements and recordings were performed 

on an upright Axio Scope.A1 microscope (Zeiss), at 10x magnification and a Powershot G9 camera 

(Canon), mounted using an adaptor that replaces an ocular. For the analysis of the bending bias, the 

position of the vulva was additionally noted for the identification of the ventral or dorsal side. In order 

to subsequently calculate and analyze bending angles, a range of custom-written scripts for different 

analysis software were written and designed by the help of Dr. C. Schultheis and Dr. W. Steuer Costa. 

All frames of a single recorded video were extracted using VirtualDub software and transferred to an 

imaging processing script, written for Knime software (Enhanced JPG by Dr. W. Steuer Costa). In brief, 

image noise was reduced applying a gaussian blur function and enhanced gray-scale binary images 

(black animal shape on white background) were produced by thresholding. Image pixels were assigned 

to the animal or the background, dependent on a denoted threshold intensity value and possible gaps 

were filled. The processed images were analyzed afterwards using a script for ImageJ software 

(WormAnalyzer by Dr. C. Schultheis). First, the shape of the animals was skeletonized from head to tail 

and a longitudinal median was drawn. The length of the median was calculated and subdivided in 9 

equal segments, defined by 10 points set along the line with the same distance. Afterwards, the angles 

between three points of two segments were calculated in clock-wise direction, resulting in 8 angles in 

total (Figure 32 A). This process was repeated for all frames and results were saved in a separate txt-

file. 
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Figure 31: Recording and analysis of locomotion patterns. Movies of crawling animals were recorded (A, B) and individual 

frames extracted from the video file (C). The pictures were subsequently processed to enhanced gray-scale binary images, 

using a gaussian blur and thresholding function (D). In the next step, the shape of the animal was skeletonized from tail to 

head (E) and further subdivided in individual segments (F). Different parameters, such as bending angles, were calculated from 

the segmented images and raw data extracted for subsequent analysis (G). Image adapted and modified from Husson et al. 

2013a.  

The data was further analyzed using a R script macro (Analysis of WormAnalyzer results by 

Dr. C. Schultheis). Basically, all 8 angles of a single frame and their deviation from 180°, were calculated 

and illustrated in a time-resolved color-coded graph (Figure 32 B). Angles higher than 0° were displayed 

in red color and below 0° in blue color, whereas the intensity of the color represents the degree of the 

deviation from 0°. Each line represents one angle with ventral or dorsal bending, indicated in the two 

respective colors. Results for body length and the mean of all 8 bending angles and their deviation 

from 180° were also calculated and given in a separate excel-file. Bending angles were manually 

quantified for the time points 20-30 seconds without illumination and for the last 20 seconds with 

illumination. The first 10 seconds of illumination were skipped, because the animals need some time 

to adjust their body posture to the new condition and maximal effects were reached. 
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A                                                                        B                               

                                  

Figure 32: Analysis of the mean bending angles deviation from 180°. A) The shape of the animal was skeletonized and 

subdivided in 9 equal segments, defined by 10 points with same distance. The angle between three points of two adjacent 

segments was calculated in clockwise direction, resulting in 8 angles (ф1 to ф8). B) The average of the angles and their 

deviation from 180° were subsequently generated and illustrated in a time-resolved color-coded graph. Each line represents 

one angle in two respective colors, whereas angles higher or below 0° are indicated in red and blue, respectively. 

 

4.4.2.2 Crawling trajectories and locomotion parameters 

For the analysis of locomotion parameters and trajectories, animals were tracked during recording and 

information about the position was additionally reported in the form of XY-coordinates, as described 

previously (Stirman et al. 2011; Husson et al. 2013a). Therefore, animals were transferred to an 

OP-50-1 seeded or non-seeded NGM plate and recordings were performed on an inverted Axiovert 35 

microscope (Zeiss). The microscope was equipped with a motorized, computer-controlled XY- stage 

and connected to a three-color CP-X605 LCD projector (Hitachi) and a DCC1545M USB camera 

(Thorlabs). For the photoactivation of NpHR, filters were inserted in the green channel of the projector, 

allowing illumination with green light (568/50 nm; 1 mW/mm²). Freely moving animals were recorded 

during crawling for 2 minutes using a custom-written script for Labview software, which also allowed 

targeted illumination and simultaneous tracking of the animals with live representation of the position 

data. The crawling trajectories of each single animal were traced and the parameters velocity, crawling 

distance to origin and bending angles analyzed using a custom-written script for Labview and R 

software (Stirman et al. 2011). In order to illustrate crawling trajectories, a custom-written R script 

macro was applied (Subsequent analysis of results obtained by Worm Locator-Trajectory by 

Dr. C. Schultheis). 

For the analysis of reversal and pause states during locomotion, animals were blinded for their 

genotype and recorded for a period of 1 or 3 minutes, with or without illumination, as described in 

chapter 4.4.1. Frequency and duration of reversals and pauses were counted frame wise by eye using 

VirtualDub software. 
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4.4.2.3 Swimming frequency 

For the analysis of swimming behavior, animals were blinded for their genotype and transferred to a 

single well of a 96-well plate. The wells were filled with ~100 µl of NGM and covered with 50 µl of M9 

buffer. Alternatively, for assays in the presence of food, 5 µl OP-50-1 bacterial culture was 

supplemented to the M9 buffer. After a recovery of 10 minutes, animals were recorded for a period of 

1 minute, optionally followed by 1 minute with either blue (470 nm; 1 mW/mm²) or yellow light 

(580 nm; 1 mW/mm²) for the activation of ChR2 and NpHR, respectively. Measurements were 

performed on an Axiovert 200 microscope (Zeiss) at 2,5x magnification, or at a SMZ 645 binocular 

microscope (Nikon), both equipped with a Powershot G9 camera (Canon). Swimming cycles per minute 

were counted frame wise by eye using VirtualDub software.  

 

 

Figure 33: Analysis of the swimming frequency. Animals transferred to a liquid environment induce a swimming behavior, 

characterized by a sequence of C-shape body conformation. Depicted is one swimming cycle, where the head (H) trashes 

between the dorsal and ventral side and returns to the initial C-shaped posture. Wild type animals swim with a frequency of 

approximately 2 Hz (Pierce-Shimomura et al. 2008). Image adapted from Ghosh und Emmons 2008. 

 

4.4.3 Fluorescence microscopy 

In order to illustrate the expression and distribution of fluorescent proteins in C. elegans, images were 

taken on an inverted Axiovert Observer microscope (Zeiss), equipped with a 10x objective (Zeiss 

10x/0.25) or a 40x and 100x immersion objective (Zeiss 40 x/1.3 oil; 100x/1.3 oil). For the excitation 

with light at different wavelength, the microscope was equipped with the filter sets F37-525 (for GFP), 

F31-044 (for eCFP) and F41-007 (for mCherry) (AHF Analysentechnik) in combination with a 100 W 

HBO mercury lamp as light source. Images were captured using an ORCA Flash 4.0 camera 

(Hamamatsu) and the software µManager. Dependent on the expression level of the fluorescent 

proteins, exposure times between 10 and 1000 milliseconds were chosen at a binning of 1x1. Confocal 

images were acquired on a Cell Observer SD Spinning Disk Confocal microscope (Zeiss), equipped with 

a 1.4 NA 63x oil immersion objective, using the software ZEN. The analysis and processing of the images 

were done with the software ImageJ and Fiji. Microscopy slides were prepared with 2,5 % (w/v) 
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agarose pads in M9 buffer and the animals were mounted in a droplet of 50 mM sodium azide in M9 

and fixed under a cover slip. Sodium azide was used to suppress movement by paralysis (Hope 2005). 

In experiments, where fluorescent imaging was combined with AVK inhibition using NpHR, animals 

were immobilized on 10 % agarose (w/v) pads in ddH2O, supplemented with a drop of polystyrene 

beads (2.5 %; 0.1 µm diameter) and additionally fixed under a cover slip. Compared to toxins, like 

sodium azide, polystyrene nanoparticles have the advantage that animals are viable for a long time 

and physiological processes are not impaired (Kim et al. 2013).

 

4.4.3.1 Quantitative analysis of FLP-1::mCherry fluorescence signals in AVK neurons 

For the analysis of neuropeptide transmission in AVK, precursor proteins of the neuropeptide FLP-1 

were fused to the fluorescent protein mCherry (FLP-1::mCherry) and, together with a soluble green 

fluorescent protein (GFP), expressed in the interneurons using the pflp-1 promotor. Neuropeptide 

release and trafficking was measured in the AVK cell bodies and the anterior part of the axons reaching 

the nerve cord, by quantifying mCherry fluorescent signals of dense core vesicles containing 

FLP-1::mCherry. Neuropeptides secreted to the C. elegans body fluid are endocytosed by 

coelomocytes and the quantification of fluorescent levels in coelomocytes have been shown to serve 

as an indicator for peptide release via dense core vesicles (Figure 34 A) (Sieburth et al. 2007; Steuer 

Costa et al. 2017). With respect to this, FLP-1 neuropeptide signaling was accessed during AVK 

inhibition, under different environmental conditions or in mutants lacking proteins for 

neurotransmitter or peptide transmission. 

GFP and mCherry fluorescence images were taken from the AVK cell bodies, posterior axons and the 

three coelomocyte pairs near the terminal bulb of the pharynx, vulva and in the tail, using the inverted 

Axiovert Observer microscope and a 40x objective as described (4.4.3). Importantly, during 

visualization and recording, the experimental settings were not changed across animals to verify a valid 

comparison of the fluorescence intensities. In experiments, where fluorescence imaging was combined 

with AVK inhibition using NpHR, animals were immobilized on beads and GFP and mCherry 

fluorescence signals were imaged before and after the illumination for 10 minutes with yellow light 

(580 nm, 0.2-0.36 mW/mm2). Quantification of fluorescence levels were performed using the software 

ImageJ and the plugin “ROI manager”. Regions of interest (ROI) were manually drawn, surrounding 

one of the cell bodies, the anterior part of the axons and the anterior two coelomocytes. Mean grey 

intensity values were measured for each video frame (Figure 34 B). A reference ROI with the same size 

was chosen randomly in a non-fluorescent part of the animal and subtracted from the initial mean grey 

values. The resulting data was normalized to the fluorescence intensity of FLP-1::mCherry in the cell 
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body to compensate for expression variations of the extrachromosomal array that could differ 

between single animals and lines.  

 

   A                                              B

 

Figure 34: Analysis of the FLP-1::mCherry fluorescence levels in AVK neurons and CCs. A) mCherry-tagged FLP-1 peptides are 

secreted by AVK and subsequent endocytosed by the coelomocytes. B) Fluorescence image of an animal expressing 

FLP-1::mCherry in AVK. ROIs (red dashed line) are drawn around the AVK cell bodies (arrow), the anterior two CCs (arrow 

heads) and along the AVK anterior part of the axons reaching the nerve cord, as indicated. The position of the pharynx is 

depicted as white dashed line. Scale bar, 15 µm.  

For the analysis of trafficking FLP-1::mCherry containing dense core vesicles during AVK inhibition, the 

cell bodies and the anterior axons of immobilized AVK::NpHR animals were filmed for 20 seconds, while 

being photoinhibited with yellow light (580 nm; 0.2-0.36 mW/mm2). Images were 2x2 binned and 

acquired at 20 milliseconds exposure time and 1 frame per second. Using the software ImageJ, the 

image stacks were processed by thresholding, to allow good visualization of fluorescent puncta, and a 

line ROI was drawn manually along the neuronal process (Figure 34 B). Kymographs were generated 

using the plugin “multiple kymographs” and tracks of individual fluorescent puncta were manually 

traced with segmented lines using the “multiple overlay” plugin. The increment speed of each particle 

was measured and analyzed with the plugin “read velocities from tsp”. Imaging and analysis were done 

with the help of Dr. S Wabnig and Prof. A. Gottschalk.  

 

4.4.3.2 Calcium imaging of single neurons 

In order to measure calcium signals in the SMB motoneurons in vivo, the genetically encoded calcium 

indicator GCaMP3.0 was expressed in SMB neurons using a Cre/LoxP recombinase system (Schmitt et 

al. 2012) and combined with optogenetic inhibition of AVK neurons using NpHR. Fluorescence 

measurements were carried out on an inverted Axiovert 200 microscope (Zeiss), equipped with a 

motorized stage MS 200 (Applied Scientific Instrumentation). Two light sources were used, a blue LED 

with 470 nm wavelength for the recording of GCaMP3.0 responses and a 100 W HBO mercury lamp 
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combined with the filter F37-580 (580±23nm) for yellow light activation of NpHR in AVK at 1 mW/mm2. 

For simultaneous dual-wavelength stimulation, a DualView beam splitter system (Photometrics) was 

used, composed of the GFP/mCherry Dualband ET filter set (F56-019) and the emission filters F39-833 

(532±18nm) and F39-624 (625±15nm), equipped with a 565 nm long pass beam splitter (F48-567) (AHF 

Analysentechnik). The DualView system was coupled to an Orca Flash4.0 camera (Hamamatsu), 

controlled by the software µManager for visualization and operation. Illumination protocols for the 

application of yellow light was controlled using the Lambda SC Smart shutter controller unit (Shutter 

instruments), as indicated. Living animals were immobilized on 2-4 % M9 agar pads and SMB cell bodies 

filmed using a 100x immersion objective (Zeiss, 100x/1.3 oil) under a baseline of blue light for 

5 seconds, following an additional yellow light illumination for 20 seconds to inhibit AVK. Images were 

4x4 binned and acquired at 20 milliseconds exposure time and 20 frames per second. Fluorescent 

levels were subsequently quantified using the software ImageJ and the plugins “ROI manager” and 

“Time Series Analyzer V3”. Therefore, a ROI was manually drawn around the SMB cell bodies and the 

mean grey intensity values measured for each video frame. A separate ROI with the same size was 

selected for background fluorescence and subtracted from the initial mean values derived from 

SMB::GCaMP3.0. The resulting data was further normalized to ΔF/F0=(Fi-F0)/F0, whereas Fi represents 

the intensity at a given time point and F0 the average fluorescence before yellow light illumination. 

Bleach analysis was performed, calculated from the slope comprising all time points.  

 

4.4.4 Quantification and statistical analysis 

In C. elegans behavior or imaging experiments, data was obtained and summarized from at least three 

experiments, involving animals from different generations of the same genotype, which were grown 

on different days. The number of experimental trials is indicated as N and the total number of analyzed 

animals is given as n (if not noted otherwise). The data is represented as mean ± SEM and statistical 

significance is given as p value after paired and unpaired Student’s t or Mann-Whitney-U test, 

depending on whether the same animals were measured under the same conditions. A normal 

distribution of the data was verified using Levene and D’Agostino-Pearson test. Significant differences 

are represented in n.s., non-significant, * p<0.05, ** P<0.01 and *** P<0.001. 
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5 Results 

 

5.1 Acute inhibition of AVK interneurons alters locomotion behavior 

Optogenetic methods are a powerful approach to enable functional circuit mapping and allow the 

analysis of functionally unknown neurons in C. elegans. In this study, microbial rhodopsins were used 

to characterize the role of AVK interneurons in locomotion and food-related behavior. A previous study 

has suggested that AVK interneurons release neuropeptides of the FMRFamide-like peptide family as 

signaling molecules, in particular FLP-1, to modulate behavior (Nelson et al. 1998). Furthermore, the 

authors could show that a loss of the FLP-1 neuropeptides led to changes in the animal’s locomotion. 

In order to functionally characterize AVK interneurons, the strategy of choice was therefore to 

optogenetically inhibit neuropeptide release from these neurons, rather than stimulate them, and 

examine their necessity and contribution to the regulation of certain behavioral responses. Specific 

inhibition of functionally unknown neurons features the advantage of avoiding stimulation of 

unspecific signaling pathways that could overlay the behavior response of interest.    

 

5.1.1 Cell-specific expression of NpHR in AVK neurons 

To specifically hyperpolarize AVK neurons, halorhodopsin (NpHR) was expressed exclusively in AVK, 

using a truncated version of the pflp-1 promotor, resulting in the transgene pflp-1::NpHR::eCFP 

(strain ZX888; named AVK::NpHR for simplification) (Nelson 1998; Zhang et al. 2007a). Using confocal 

fluorescence microscopy, NpHR::eCFP expression could be verified in the plasma membrane of AVK 

cell bodies located in the head ganglia, and in the processes along the nerve ring and the ventral nerve 

cord (Figure 35).  
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Figure 35: AVK-specific expression of NpHR::eCFP using a truncated pflp-1 promotor. Confocal fluorescence image (left) of 

AVK cell bodies and the entire process on the ventral side of the animal (arrowheads). Fluorescence and DIC image section 

(right) of the head region with AVK cell bodies (arrow) and anterior process located in the nerve ring (including likely 

presynaptic specializations; small arrowheads). Position of the pharynx is indicated as dashed line. Confocal image stacks were 

maximum projected. Scale bar, 50 µm (left) and 10 µm (right). 

 

5.1.2 Inhibition of AVK neurons affects bending behavior and body posture 

In order to examine the consequence of functional inhibition of AVK neurons using NpHR, the effect 

of yellow light (580 nm) with different intensities (1, 2 and 4 mW/mm²) on locomotion was studied. 

Animals were incubated with ATR, the opsin co-factor, and recorded for a period of 60 seconds during 

forward crawling on a solid surface in the absence of food. C. elegans moves with continuous 

propagation of sinusoidal bending waves from head to tail, which can be measured and analyzed by 

determining the bending angles along the body midline over time, as described in chapter 4.4.2.1. 

Upon yellow light illumination, the extent of sinusoidal movement and bending angles of the animals 

increased significantly along the body at any given light intensity, from 25° to a mean maximum of 32° 

within approximately 5 seconds (Figure 36 A, B).  
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Figure 36: Targeted inhibition of AVK neurons using NpHR. Animals expressing AVK::NpHR were recorded and analyzed 

during crawling on a solid substrate. Animals cultivated with ATR were recorded for 30 seconds before and 30 seconds during 

yellow light exposure with different light intensities: 1, 2 and 4 mW/mm² at 580 nm. A) Time-course analysis of the mean 

bending angles ±SEM. Yellow bar indicates the illumination period (0 to 30 seconds). Significance was calculated for the 

periods before illumination (-20 to 0 seconds) and during illumination (10 to 30 seconds), shown in upper bars. 

B) Quantification of the mean bending angles ±SEM for the indicated periods. Significant differences are represented as 

* p<0.05 and *** P<0.001. n, number of animals.  

To verify that these effects were not caused by unspecific light responses independent of NpHR, 

animals raised without ATR (rendering NpHR nonfunctional) were measured with the same light 

intensities. Illumination of the animals with 1 mW/mm² caused no changes in locomotion and the 

animals crawled forward with the same extent of bending of 26° to maximal 28°. However, with 

increasing intensities, animals tried to escape the light source with abrupt reversals and turns, resulting 

in enhanced bending angles and an alteration of overall crawling locomotion (Figure 37 A, B). Thus, for 

further behavioral experiments, animals were recorded at 1-3 mW/mm² and animals raised without 

ATR were considered as a negative control. 
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Figure 37: Yellow light with high intensities induces escape response. Animals expressing AVK::NpHR were recorded and 

analyzed during crawling on a solid substrate. Animals cultivated without ATR were recorded for 30 seconds before and 

30 seconds during yellow light exposure with different light intensities: 1, 2 and 4 mW/mm² at 580 nm. A) Time-course analysis 

of the mean bending angles ±SEM. Yellow bar indicates the illumination period (0 to 30 seconds). Significance was calculated 

for the periods before illumination (-20 to 0 seconds) and during illumination (10 to 30 seconds), shown in upper bars. 

B, D) Quantification of the mean bending angles ±SEM for the indicated periods. Significant differences are represented as 

n.s., non-significant, * p<0.05 and *** P<0.001. n, number of animals.    

Acute AVK::NpHR photoinhibition resulted in an increase of bending angles, which continuously raised 

to a maximum of 32° during the constant period of yellow light application. To investigate if this 

behavioral response is reversible and to get an idea of the AVK neuronal activity state, bending angles 

were examined after the period of 30 seconds hyperpolarization with yellow light. After illumination, 

bending angles returned to initial levels, approximately 5 seconds after the light was switched off, and 

remained slightly but not significantly elevated for a duration of 30 seconds. Animals raised without 

ATR showed no changes in behavior, during and after yellow light exposure (Figure 38 A, B). Thus, AVK 

is maybe continuously active under the experimental conditions and could be acutely and reversibly 

inhibited to affect locomotion.  
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Figure 38: Inhibition of AVK neurons reversibly alters bending behavior. A) Time-course analysis of the mean bending angles 

±SEM in animals expressing AVK::NpHR, cultivated with and without ATR. Animals were recorded for 30 seconds before, during 

and after yellow light exposure (1.1 mW/mm2, 580 nm). Yellow bar indicates the illumination period (0 to 30 seconds). 

Significance was calculated for the periods before illumination (-20 to 0 seconds), during illumination (10 to 30 seconds) and 

after illumination (40 to 60 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the 

indicated periods. Significant differences to the no-light condition are represented as n.s., non-significant, ** P<0.01 and *** 

P<0.001. n, number of animals. 

Looking at the body posture and sinusoidal movement distributed over the whole animal, bending 

angles were highest in the anterior head region (angle #1-3) and decreased during the proliferation 

along the body (angle #4-8) (Figure 39 A, B). AVK::NpHR inhibition resulted in a significant increase of 

all defined 8 angles, whereas the angles #1-3 increased with a dorsal bias, indicating a dorso-ventral 

asymmetric effect of AVK inhibition (Figure 39 B, C). 
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Figure 39: Inhibition of AVK neurons affects bending of the animal along the body. A) Overview of the body curvature during 

crawling. 10 points (P1-10) along the body spine define 9 segments and 8 three-point angles (#). B) Mean bending angles ±SEM 

of animals expressing AVK::NpHR were analyzed for the angles #1-8 along the body. Animals cultivated with ATR were 

recorded for 30 seconds before and during yellow light exposure (1 mW/mm2, 580 nm). B) Quantification of the bias of the 

mean bending angles ±SEM for the angles #1-3 before and during light. Positive values indicate dorsal bending. Significant 

differences are represented as n.s., non-significant, * p<0.05, ** P<0.01 and *** P<0.001. n, number of animals. 

 

5.1.3 Inhibition of AVK neurons affects locomotion and crawling behavior 

To further characterize the effects of AVK::NpHR inhibition on the overall crawling behavior and 

locomotion, each of the 8 bending angles was synchronously represented in a color coded fashion for 

positive and negative bending and assigned over the recording period of 60 seconds, as described in 

4.4.2.1 (Figure 40). Upon yellow light illumination, AVK::NpHR animals raised with ATR showed 

irregular movement with an increased probability of reversals and prolonged pause periods, compared 

to animals which were not treated with ATR. Thus, overall locomotion was widely affected by AVK 

inhibition. 

#2 P1 

P2 

P3 

P10 
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Figure 40: Locomotion is widely affected by AVK inhibition. Time series analysis of the body curvature during crawling of 

AVK::NpHR animals with and without ATR, before and during yellow light exposure (1 mW/mm2). Time-resolved, color coded 

representation of 8 bending angles along the body, indicated as red/blue, positive/negative curvature between -35° and +35°. 

Illumination period is shown as yellow bar (30 seconds). Scale bar, 5 seconds. 

With respect to this, further parameters of locomotion were determined, by analyzing the trajectories 

of animals during 120 seconds of crawling, as described in 4.4.2.2. Wild type animals performed mainly 

straight forward runs with minor interruptions by reversals, pauses or turns. This was independent of 

the application of yellow light with 1 mW/mm². In contrast, animals expressing NpHR in AVK crawled 

smaller distances upon light exposure, showing a slower and less directional movement, accompanied 

with a high frequency of turns. As a consequence, animals with photoinhibited AVK neurons explored 

a smaller area than wild type or AVK::NpHR animals not treated with yellow light (Figure 41).  

 

 

Figure 41: Inhibition of AVK neurons alters overall locomotion behavior. Locomotion trajectories for wild type and 

AVK::NpHR animals during 120 seconds of crawling. Animals were cultivated with ATR and recorded with and without yellow 

light illumination (3 mW/mm2, 580 nm), as indicated. Each track represents one animal, shown in different colors. Number of 

animals, n=16-31. 

Trajectories were further characterized by the parameters describing the maximal distance to origin 

reached, the total distance the animals crawled and the mean velocity. Wild type animals crawled a 

maximal and total distance of approximately 15 and 28 mm, respectively, with a mean velocity of 

245 µm per second. Upon light application, wild type animals did not change their crawling behavior, 

whereas AVK::NpHR significantly showed decreased crawling distances and a decreased mean velocity, 

leading the animals to explore smaller areas, as indicated by the crawling trajectories (Figure 42 A-C). 
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Figure 42: Inhibition of AVK neurons alters crawling distance and velocity. Analysis of the locomotion behavior for wild type 

and AVK::NpHR animals during 120 seconds of crawling. Locomotion parameters are given as maximal distance to origin 

reached (A), total distance the animals crawled (B) and mean velocity ±SEM (C). Animals were cultivated with ATR and 

recorded with and without yellow light illumination (3 mW/mm2, 580 nm), as indicated. Significant differences are represented 

as n.s., non-significant, * p<0.05 and ** P<0.01. n, number of animals.    

 

5.2 AVK neurons mediate food responses by affecting bending angles and dispersal 

Animals adjust their locomotion strategies according to external conditions by adopting distinct 

behavioral states, for instance during finding and remaining on a food source. If animals are removed 

from bacterial food, they initiate a local-search behavior with frequent directional changes and 

reduced periods of forward straight locomotion. If no food is found, behavior is altered to long runs 

and animals start to disperse by covering larger distances. In contrast, if animals are exposed to food, 

they start dwelling, initiated by slowing alongside with an increase of reversals. To examine the 

different food-related behavioral states in detail, crawling experiments were repeated in the presence 

of food.   

 

5.2.1 The presence or absence of food modulates locomotion behavior 

C. elegans senses food via different signaling mechanisms, induced by a mechanical or chemical 

stimulus. Mechanical stimuli are provoked by the texture of a bacterial lawn, whereas chemical stimuli 

are initiated by odorants and gases, which are natural products of bacterial metabolism (chapter 3.4). 

In order to bypass this complexity of food-induced signaling and its effect on locomotion, 

chemosensory signaling was eliminated using a mutant of the gene tax-4. This gene encodes for a 

cGMP-gated channel subunit required for the function of sensory neurons, which is localized in the 
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cilia (Komatsu et al. 1996; Coburn und Bargmann 1996). Wild type animals and tax-4(ks11) mutants 

(strain FK129) were recorded during crawling on a food lawn, or after they were removed from a food 

source for 2 and 15 minutes. Wild type animals on food stayed local and close to the origin (dwelling), 

a behavior, which was also not altered after the animals were removed from food for 2 minutes (local-

search). However, if animals were kept without food for a longer period of 15 minutes, they started to 

crawl longer distances with straighter paths, leading to an increase in the distance the animals reached 

(dispersal). In contrast, tax-4(ks11) mutants showed dispersal behavior already after 2 minutes without 

food, indicated by the exploration of a large area (Figure 43). 

 

 

Figure 43: Food alters crawling behavior via sensory neuron signaling. Locomotion trajectories for wild type and tax-4(ks11) 

animals during 120 seconds of crawling. Animals were recorded on food or 2 and 15 minutes after removal from food, as 

indicated. Each track represents one animal, shown in different colors. Number of animals, n=18-20.  

In line with the crawling trajectories, the maximal distance wild type animals reached during dispersal 

behavior was significantly increased from approximately 12.5 to 15 mm, after 15 minutes of food 

removal. Other parameters, such as total distance to origin or the mean velocity, were not affected. In 

contrast, tax-4(ks11) mutants performed a more pronounced dwelling behavior. The maximal and total 

distance to the origin, as well as the mean velocity, were significantly reduced in the presence of food, 

compared to wild type. In the absence of food, tax-4(ks11) mutants immediately induced dispersal 

behavior after 2 minutes. The maximal and total distance crawled from origin was increased up to 20 

and 35 mm, respectively. The mean velocity was significantly enhanced as well, to a maximum value 
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of 300 µm per second (Figure 44 A-C). Thus, animals respond more strongly to the absence of 

mechanical food cues, if chemosensation was prevented. 

 

 

Figure 44: Food alters crawling distance, bending angles and velocity. Analysis of the locomotion behavior for wild type and 

tax-4(ks11) mutants. Animals were recorded during 120 seconds of crawling, with food or 2 and 15 minutes after removal 

from food, as indicated. Locomotion parameters are given as maximal distance to origin reached (A), total distance the 

animals crawled (B), mean velocity ±SEM (C) and mean bending angles ±SEM (D). Significant differences to wild type (grey 

bars) or between different experimental conditions (black bars), are represented as n.s., non-significant, * p<0.05, ** P<0.01 

and *** p<0.001. n, number of animals. 

Sinusoidal movement was affected as well, wild type animals showed lower bending angles on food 

than without food, whereas bending was highest directly after food removal during local-search 

behavior. In tax-4(ks11) mutants, bending angles were significantly decreased, compared to wild type 

animals and not altered after direct removal from food. However, after 15 minutes off food tax-4(ks11) 

mutants showed a significant increase in the mean bending angles (Figure 44 D). For this reason, 
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dispersal as a subsequent response to food absence, was probed by analyzing bending angles after 

10-15 minutes without food. 

 

 

Figure 45: Locomotion is widely affected during food sensation. Time series analysis of the body curvature during crawling 

of wild type and tax-4(ks11) mutants exposed to food. Time-resolved, color coded representation of 8 bending angles along 

the body, indicated as red/blue, positive/negative curvature between -35 and +35°. Scale bar, 5 s. 

In the absence of food, wild type and tax-4(ks11) mutants performed a consistent locomotion 

behavior, with straight forward runs and rarely occurring pause and reversal events. During food 

sensation, locomotion became more irregular, characterized by repeated directional changes and a 

significantly increased quantity of pauses and reversals (Figure 45 and 46 A, B).  

 

 

Figure 46: Food alters the occurrence of reversal and pause states. Analysis of the reversal and pause states for wild type 

animals during 3 minutes of crawling, with or without food, as indicated. The number of reversals and pauses are given as 

mean ±SEM. Significant differences are represented as * p<0.05 and ** p<0.01. n, number of animals. Behavioral recordings 

were performed with the help of D. Hain. 
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5.2.2 AVK neurons become inhibited by the presence of food 

AVK inhibition induces a change in locomotion, which resembles the food-induced dwelling behavior. 

So far, experiments for AVK inhibition have been performed after 10 minutes removal from food and 

thus when the animals performed dispersal behavior. To examine whether AVK participates in the 

initiation of the different food-related behavioral states, experiments for AVK inhibition were repeated 

in the presence of food, compared to 10-15 minutes without food. Again, AVK inhibition using NpHR 

affected overall locomotion, causing animals to crawl smaller distances upon light exposure and 

reduced dispersal behavior. In the present of food, however, animals were not able to adjust their 

dispersal during AVK photoinhibition (Figure 47). 

 

 

Figure 47: Inhibition of AVK neurons causes behavioral responses that resembles food-induced dwelling. Locomotion 

trajectories for AVK::NpHR animals during 120 seconds of crawling. Animals were cultivated with ATR and recorded with or 

without yellow light (1 mW/mm2, 580 nm) and with or without food, as indicated. Each track represents one animal, shown 

in different colors. Number of animals, n=16-31. Behavioral recordings were performed with the help of David Hain. 

These observations were further confirmed by analyzing the respective locomotion parameters. As 

already presented, the maximal and total distance to the origin, as well as the mean velocity, were 

significantly reduced upon AVK::NpHR inhibition and food removal. In the presence of food, 

AVK::NpHR animals crawled smaller distances and reduced their velocity significantly. These 

parameters were not further affected upon light application and AVK photoinhibition, accordingly the 

bending angles of AVK::NpHR animals were not increased with food and during illumination 

(Figure 48 A-D).   
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Figure 48: Food alters AVK-induced effects on locomotion parameter. Analysis of the locomotion behavior for wild type and 

AVK::NpHR animals during 120 seconds of crawling. Animals were cultivated with ATR and recorded with or without yellow 

light (3 mW/mm2, 580 nm) and with or without food, as indicated. Locomotion parameters are given as maximal distance to 

origin reached (A), total distance the animals crawled (B), mean velocity ±SEM (C) and mean bending angles ±SEM (D). 

Significant differences to the no-light or no-food condition, are represented as n.s., non-significant, * p<0.05, ** P<0.01 and 

*** p<0.001. n, number of animals. Behavioral recordings were performed with the help of D. Hain. 

During photoinhibition, AVK::NpHR animals performed irregular locomotion and the occurrence of 

pauses and reversals was significantly increased. In comparison, locomotion was likewise irregular 

during food sensation, with a high frequency of pauses, reversals and directional changes, but these 

parameters were not further altered during light exposure and AVK inhibition (Figure 49 and 50 A, B). 
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Figure 49: Locomotion is widely affected by AVK inhibition and the presence of food. Time series analysis of the body 

curvature during crawling of AVK::NpHR animals with and without food, before and during yellow light exposure (1 mW/mm2). 

Time-resolved, color coded representation of 8 bending angles along the body, indicated as red/blue, positive/negative 

curvature between -35 and +35°. Illumination period is shown as yellow bar (30 seconds). Scale bar, 5 s. 

 

 

Figure 50: Inhibition of AVK  neurons, as well as the presence of food, alters the occurrence of reversal and pause states. 

Analysis of the reversal and pause states for AVK::NpHR animals during 3 minutes of crawling. Animals were cultivated with 

ATR and recorded with or without yellow light (3 mW/mm², 580 nm) and with or without food, as indicated. The number of 

reversals and pauses are represented as mean ±SEM. Significant differences to the no-light or no-food condition, are 

represented as * p<0.05, ** p<0.01 and *** p<0.001. n, number of animals. Behavioral recordings were performed with the 

help of D. Hain. 

In summary, the absence of food and AVK hyperpolarization have a similar impact on locomotion. Thus, 

it appears possible that food may inhibit the AVK neurons, which may be tonically active in the absence 

of food. To further investigate this hypothesis, AVK was activated using the enhanced light-activated 

cation channel variant ChR2(H134R) (Nagel et al. 2005). ChR2(H134R) was specifically expressed in AVK 

neurons of lite-1(ce314) mutants (strain ZX709), to eliminate possible photophobic responses, caused 

by blue light at 470 nm (Edwards et al. 2008). As already seen for wild type, lite-1(ce314) mutants 

exhibit reduced bending behavior in the presence of food and blue light application did not influence 

the animal’s locomotion. Interestingly, bending angles were not significantly altered for 

AVK::ChR2(H134R) animals upon illumination and AVK activation (Figure 51 A, B). Consequently, 
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photoactivation of AVK did not cause detectable effects on bending during dispersal behavior. In 

contrast, if animals crawled on a food lawn, AVK::ChR2(H134R) stimulation caused significantly 

reduced bending angles. Thus, AVK stimulation only alters locomotion behavior in the presence of 

food.  

 

Figure 51: Stimulation of AVK neurons has no effect on crawling behavior. A) Time-course analysis of the mean bending 

angles ±SEM in lite-1(ce314) mutants expressing AVK::ChR2(H134R). Animals cultivated with and without ATR were recorded 

for 30 seconds before and during blue light exposure (1.1 mW/mm2, 470 nm), with and without food. Blue bar indicates the 

illumination period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and 

during illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the 

indicated periods. Significant differences to the no-light or no-food condition, are represented as n.s., non-significant and 

* p<0.05. n, number of animals. 

 

5.2.3 Inhibition of AVK neurons affects swimming behavior 

If exposed to a liquid environment, animals swim with an undulatory motion that resembles the 

crawling motion on a solid substrate (Ghosh und Emmons 2008; Pierce-Shimomura et al. 2008). Hence, 

changes in locomotion, caused by the presence of food, may also affect swimming behavior. To 

address this hypothesis, swimming animals were recorded for 60 seconds in liquid, counting each 

swimming cycle and calculating the swimming rate from this data, as described in chapter 4.4.2.3. 

AVK::NpHR animals had a swimming rate average of about 80 cycles per minute. Upon yellow light 

exposure, animals significantly reduced their swimming rates to approximately 50 cycles per minute 

(Figure 52 A). Furthermore, AVK::NpHR animals exposed to liquid complemented with food reduced 

swimming rates as well, but effects were not further enhanced during additional light exposure and 

AVK inhibition (Figure 52 B). Thus, the presence of food and AVK inhibition alter swimming behavior, 

in line with a slowing of locomotion during crawling on a food lawn.   
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Figure 52: Food and the inhibition of AVK neurons alter swimming behavior. A) Analysis of the swimming cycles ±SEM in 

AVK::NpHR animals exposed to liquid M9 buffer. Animals were cultivated with or without ATR and recorded for 60 seconds 

with and without yellow light (1 mW/mm², 580 nm), as indicated. B) Animals were additionally exposed to liquid buffer 

supplemented with food. Significant differences, either to the no-light or no-food condition, are represented as n.s., non-

significant, ** p<0.01 and *** P<0.001. n, number of animals. 

 

5.3 AVK neurons regulate locomotion by chemical transmission and FLP-1 

neuropeptide signaling 

Inhibition of AVK neurons limits locomotion, but how does AVK signal these behavioral responses? AVK 

is known to secrete FMRFamide-like neuropeptides encoded by flp-1 to modulate other downstream 

neurons, in order to control locomotion processes (Nelson 1998; Hums et al. 2016). To identify and 

determine relevant candidate genes involved in the regulation of behavioral responses, a gene 

expression mRNA profile for the AVK interneurons was created in collaboration with Dr. R. McWhirter 

and Prof. D. Miller III (Vanderbilt University, USA), as described in chapter 4.3.4. Therefore, mCherry 

was expressed in the AVK interneurons (strain ZX1834) and the RNA of L1 stage AVK cells was isolated 

and analyzed by RNA sequencing. The AVK mRNA profile revealed 1.325 transcripts to be significantly 

enriched in AVK, compared to all other C. elegans cell types, including flp-1, which is one of the genes 

with the highest expression in AVK, with a fold change and p-value of 562.54 and 9.95E-59, respectively 

(Figure 53). Furthermore, genes involved in neuropeptide signaling were significantly enriched, e.g. 

ida-1 (encoding a dense core vesicle protein), egl-3 and egl-21 (encoding proprotein convertases), and 

cab-1 (encoding a protein involved in dense core vesicle trafficking). Also expressed were the innexin 

subunit genes unc-7 and unc-9, which are likely expressed in all C. elegans cell types and tissues and 

serves as a positive control (Altun et al. 2009). These findings brought the focus to the FLP-1 
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neuropeptide as a potential key regulator of locomotion via AVK neurons and therefore the role of 

FLP-1 neuropeptide was further analyzed.  

 

 

Figure 53: flp-1 is highly enriched in AVK neurons. Scatter plot of upregulated AVK transcripts, identified by single-cell 

RNA-Seq from AVK neurons isolated at L1 stage. AVK enriched genes are defined by the threshold of FDR-corrected p-values < 

0.001 and > 2-fold change, as indicated. Transcripts for innexin gap-junction units unc-7 and unc-9 (orange), genes involved 

in neuropeptide signaling like cab-1, egl-3, egl-21 and ida-1 (blue), and the neuropeptide gene flp-1 (green) are highlighted. 

mRNA profiling of AVK was performed with the help of Dr. R. McWhirter and Prof. D. Miller III.  

Animals, which carry alleles that specifically disrupt flp-1 were characterized regarding their crawling 

and swimming capability. The flp-1(yn4) mutant has been already used to determine FLP-1 peptides to 

play a role in the proper implementation of locomotion (Nelson 1998). flp-1(yn4) mutants (strain NY16) 

showed increased bending angles with a mean of 35°, which was significantly higher compared to wild 

type bending, indicating FLP-1 peptides to be important for the regulation of crawling behavior 

(Figure 54 A, B). Specific expression of FLP-1 in AVK neurons was able to rescue this phenotype back 

to wild type levels. Furthermore, the flp-1(yn4) mutant did not respond to food, as bending angles 

were not reduced as previously seen for wild type (Figure 54 C). In line with this, FLP-1 neuropeptides 

seem to function specifically in AVK neurons to control locomotion and food effects.  



Results 

 

110 
 

 

Figure 54: Loss of FLP-1 peptides released by AVK neurons alters bending behavior. A) Time-course analysis of the mean 

bending angles ±SEM in crawling wild type animals, flp-1(yn4) mutants, as well as flp-1(yn4) animals rescued for FLP-1 

expression in AVK. Animals were recorded for 30 seconds and significance was calculated for the entire period. 

B) Quantification of the mean bending angles ±SEM for the indicated genotypes. C) Mean bending angles ±SEM for flp-1(yn4) 

mutants with and without food. Significant differences to wild type or the no-food condition, are represented as n.s., non-

significant and *** P<0.001. n, number of animals.  

 

5.3.1 The flp-1 gene resides in an intron of the daf-10 gene 

The gene flp-1 resides in the first intron of another gene, daf-10, which encodes a component of the 

intra-flagellar transport complex A (IFT-A) that contributes part in to transport mechanisms in the cilia 

of sensory neurons (Bell et al. 2006). Thus, mutations of the flp-1 gene may affect daf-10 as well, e.g. 

the flp-1(yn4) deletion allele used in the experiments above, in fact deletes parts of the daf-10 gene as 

well (Figure 55). Therefore, it is not clear if phenotypes attributed to FLP-1 peptide signaling may be 

caused by simultaneous loss of daf-10. Therefore, other mutants were characterized, which should 

affect only FLP-1 or only DAF-10 expression and activity (Buntschuh et al. 2018).  
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Figure 55: The flp-1(yn4) allele affects an intron of the daf-10 gene. Simplified organization of the flp-1 gene, composed of 

six exons, of which exons 3 to 6 contain the peptide-coding regions. The yn4 deletion removes 1.1 kb of the flp-1 promotor 

sequence, the exons 1 to 4 and parts of a daf-10 gene. The ok2811 mutation disrupts the splice donor site of the flp-1 exon 1, 

leading to a change in reading frame and a null allele. The ok2781 deletion disrupts the splice donor site of the flp-1 exon 2 

with a maintenance of the reading frame, but the inclusion of an intronic sequence. The tm2878 deletion only affects exons 

13 and 14 of the daf-10 gene (not shown). flp-1 and daf-10 exons are indicated as blue and gray boxes, respectively. Note that 

only four of the 18 daf-10 exons are shown. Arrows indicate the direction of transcription and the bars indicate the position 

and extent of the deletions. Scale bar, 250 bp (for further detailed information see Nelson 1998; Buntschuh et al. 2018). 

The mutants flp-1(ok2781) and flp-1(ok2811) (strain RB2106 and RB2126) had increased bending 

angles, whereas the phenotype was less severe for the flp-1(ok2781) mutant, compared to flp-1(yn4). 

Thus, FLP-1 peptides are important for the regulation of crawling behavior, independent from DAF-10 

(Figure 56). In contrast, daf-10(tm2878) mutants (strain FX02828) had significantly reduced bending 

angles. One explanation could be that mutation of the daf-10 gene positively influences the flp-1 

promotor region and increases FLP-1 expression, leading to a reduced bending behavior.   

 

 

Figure 56: The flp-1(yn4) allele affects bending behavior independent from the daf-10 gene. A) Time-course analysis of the 

mean bending angles ±SEM in crawling wild type animals and flp-1(yn4) mutants, as well as in flp-1(ok2781), flp-1(ok2811) 

and daf-10(tm2878) mutants. Animals were recorded for 30 seconds and significance was calculated for the entire period. 

B) Quantification of the mean bending angles ±SEM for the indicated genotypes. Significant differences to wild type are 

represented as n.s., non-significant, ** P<0.01 and *** P<0.001. n, number of animals. 
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To investigate if FLP-1 peptides function specifically in AVK neurons, flp-1 and daf-10 mutants were 

crossed with wild type AVK::NpHR animals (strain ZX888), resulting in the transgenes daf-10(tm2878); 

AVK::NpHR) (strain ZX1541), flp-1(ok2811); AVK::NpHR (strain ZX1542) and flp-1(ok2781); AVK::NpHR 

(strain ZX1543). In the mutants flp-1(ok2781) and flp-1(2811), bending angles were not altered upon 

yellow light exposure and AVK inhibition (Figure 57 A, B). Accordingly, bending angles of the 

daf-10(ok2878) mutants were also not affected by AVK photoinhibition. This suggests that DAF-10 may 

influence AVK’s effects on bending behavior, most likely by inducing an increased expression of FLP-1, 

which cannot be suppressed by AVK photoinhibition using NpHR.  

 

A                B 

 

Figure 57: AVK neurons alter bending behavior via FLP-1 signaling dependent on the daf-10 gene. A) Time-course analysis 

of the mean bending angles ±SEM in wild type; AVK::NpHR animals and flp-1(ok2781), flp-1(ok2811) and daf-10(tm2878) 

mutants. Animals were cultivated with ATR and recorded for 30 seconds before and during yellow light exposure (1 mW/mm2, 

580 nm). Yellow bar indicates the illumination period (0 to 30 seconds). Significance was calculated for the periods before 

illumination (timepoint -20 to 0 seconds) and during illumination (10 to 30 seconds), shown in upper bars. B) Quantification 

of the mean bending angles ±SEM in wild type; AVK::NpHR and flp-1(ok2781), flp-1(ok2811) and daf-10(tm2878) mutants for 

the indicated periods. Significant differences, either to wild type or the no-light condition, are represented as n.s., non-

significant and *** P<0.001. n, number of animals. 

Also swimming rates of wild type and flp-1(yn4) mutants were compared to the independent 

flp-1(ok2781), flp-1(ok2811) and daf-10(tm2878) mutant alleles. All mutants had reduced swimming 

cycles compared to wild type, whereas daf-10(tm2878) showed the most severe phenotype with 

67 swimming cycles per minute (Figure 58). This may indicate that in the flp-1(yn4) mutant some 

genetic interaction with daf-10 masks the flp-1 mutant phenotype, at least during swimming. 
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Figure 58: The flp-1(yn4) allele affects swimming behavior independent from the daf-10 gene. Analysis of the swimming 

cycles ±SEM in wild type animals and flp-1(yn4) mutants, as well as in flp-1(ok2781), flp-1(ok2811) and daf-10(tm2878) 

mutants exposed to liquid M9 buffer. Recordings were performed for 60 seconds and significant differences to wild type are 

represented as *** P<0.001. n, number of animals. 

 

5.3.2 flp-1 mutation affects synaptic transmission at the neuromuscular junction (NMJ) 

To determine, if synaptic transmission at the cholinergic NMJ is affected by FLP-1 peptides, an aldicarb-

induced paralysis assay was implemented, as described in chapter 4.3.5. Wild type and flp-1(yn4) 

mutants were analyzed during a 6 hours incubation with 1 mM aldicarb and screened for paralysis 

upon AChE inhibition. The time-course analysis of the aldicarb-induced paralysis was correlated to the 

release of the transmitter ACh and the relative efficiency of synaptic transmission (Oh und Kim 2017). 

Aldicarb-induced paralysis occurred more slowly in flp-1(yn4) mutants compared to wild type. Almost 

50 % of the tested animals were paralyzed after approximately 150 minutes for wild type and after 

270 minutes for the flp-1(yn4) mutant, indicating aldicarb resistance of flp-1(yn4) and decreased levels 

of synaptic transmission (Figure 59). 

 



Results 

 

114 
 

 

Figure 59: flp-1 peptide mutants are aldicarb resistant. Time-course analysis of aldicarb-induced effects on synaptic 

transmission at the NMJ for wild type and flp-1(yn4) mutants. unc-10(md1117) and dgk-1(sy428) mutants were used as 

aldicarb-resistant and aldicarb-hypersensitive controls, respectively. Animals were exposed to 1 mM aldicarb and paralysis 

was examined every 30 minutes for a period of 360 minutes. Significant differences to wild type are represented as * p<0.05, 

** p<0.01 and *** P<0.001. n, number of animals. N=6, number of experiments. 

 

5.4 AVK neurons release FLP-1 neuropeptides continuously via dense core vesicles  

To further probe, whether AVK neurons are tonically active and FLP-1 peptides are constantly secreted 

from AVK to modulate locomotion behavior, FLP-1 precursor proteins were tagged with mCherry and, 

together with GFP, expressed in the AVK interneurons as transgene AVK::FLP-1::mCherry; AVK::GFP 

(strain ZX1471). Using fluorescence microscopy, FLP-1::mCherry fluorescence signals were determined 

in the AVK cell bodies, axons and in the six C. elegans coelomocytes (CCs), where secreted proteins are 

endocytosed from the body fluid (Figure 60). In contrast, non-secreted cytosolic GFP was solely found 

in the AVK cell bodies and axons, and not in the CCs.  
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Figure 60: FLP-1 peptides are secreted from AVK neurons. Confocal fluorescence and DIC image of an animal expressing 

soluble GFP and FLP-1::mCherry in AVK (left). Fluorescence image section of the head region with AVK cell bodies (arrow), the 

anterior axons located in the nerve ring and coelomocytes (CCs, arrowheads), as indicated (right). Position of the pharynx is 

depicted as dashed line. Confocal image stacks were maximum projected. Scale bar, 100 µm (left) and 15 µm (right). 

FLP-1::mCherry release via dense core vesicles was analyzed using the unc-31(n1304) allele, lacking 

CAPS (Ca²+-activated protein for secretion) that is necessary for dense core vesicle exocytosis (Speese 

et al. 2007; Lin et al. 2010). Therefore, wild type AVK::FLP-1::mCherry; AVK::GFP animals 

(strain ZX1471) were crossed with the unc-31(n1304) mutant (strain ZX1031), resulting in the 

transgene unc-31(n1304); AVK::FLP-1::mCherry; AVK::GFP (strain ZX1511). unc-31(n1304) mutants 

showed significantly less FLP-1::mCherry fluorescence in the first two CCs, anteriorly located near the 

nerve ring, a region where most of the AVK synapses are present with a high density of trafficking 

FLP-1::mCherry peptides (Figure 60, 61 A and 110 A, B). In fact, FLP-1::mCherry fluorescence levels in 

wild type were highest in the first two CCs, with the most pronounced difference to the unc-31(n1304) 

mutant (Figure 61 B). Thus, for further investigation of FLP-1::mCherry release, only the two anterior 

CCs were considered. Furthermore, in AVK cell bodies, where peptide containing dense core vesicles 

are generated, the FLP-1::mCherry fluorescence was increased by threefold, speaking for a possible 

accumulation of FLP-1 peptides (Figure 61 A). These results indicate, that FLP-1 neuropeptides are 

secreted from AVK neurons via dense core vesicles. During the experimental procedure, animals were 

not additionally stimulated in the absence of food. Thus, FLP-1 release may occur constantly and 

signals an internal state of the animal during food searching.  
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 A                                                                              B 

 

Figure 61: AVK neurons release FLP-1 peptides via dense core vesicles. Quantification of the mean mCherry fluorescence 

signals ±SEM in wild type and unc-31(n1304) mutants, expressing soluble GFP and FLP-1::mCherry specifically in AVK. 

FLP-1::mCherry fluorescence was measured in the anterior CCs (1+2), AVK cell bodies and axons (A) or in all six CCs (B). 

Fluorescence signals were normalized to the mean FLP-1::mCherry fluorescence in AVK cell bodies of wild type. Significant 

differences to wild type are represented as n.s., non-significant and *** p<0.001. n, number of animals.  

 

5.4.1 Acute inhibition of AVK neurons reduces the mobility and release of FLP-1 

neuropeptides 

To probe, if the release of FLP-1 is also reduced during acute AVK photoinhibition, FLP-1::mCherry 

fluorescence levels were analyzed in the transgene AVK::NpHR; AVK::FLP-1::mCherry; AVK::GFP 

(strain ZX1475) before and after 10 minutes illumination with yellow light. Overall fluorescence 

intensities in CCs, cell bodies and axons were reduced upon AVK inhibition, independent from ATR 

treatment and functional NpHR, speaking for an unspecific reduction of fluorescence intensities upon 

mCherry bleaching (Figure 62). Furthermore, GFP fluorescence levels in the AVK cell bodies and 

processes were also reduced upon illumination (data not shown). Thus, FLP-1 release could not be 

addressed by acute inhibition of AVK using NpHR and yellow light with high intensities. 
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Figure 62: Inhibition of AVK neurons using NpHR alters FLP-1::mCherry fluorescence signals. Quantification of the mean 

mCherry fluorescence signals ±SEM in AVK::NpHR animals, additionally expressing soluble GFP and FLP-1::mCherry. Animals 

were treated with or without ATR and illuminated for 10 minutes (1 mW/mm², 580 nm). FLP-1::mCherry signals were 

measured in the anterior CCs (1+2), AVK cell bodies and axons. Fluorescence signals were normalized to the mean 

FLP-1::mCherry fluorescence in AVK cell bodies of wild type. Significant differences to the no-light condition are represented 

as n.s., non-significant and * p<0.05. n, number of animals.  

 

5.4.2 Acute inhibition of AVK neurons using a histamine-gated chloride channel  

In order to avoid unspecific FLP-1::mCherry bleaching effects caused by strong light stimuli, another 

light-independent tool for AVK inhibition has been used, the histamine-gated chloride channel (HisCl1). 

Histamine, not synthesized or used as a neurotransmitter by C. elegans, can be absorbed exogenously 

to acutely and reversibly silence neurons of interest, expressing HisCl1 (Pokala et al. 2014). Animals 

expressing HisCl1 specifically in AVK as transgene AVK::HisCl1 (strain ZX2051) showed increased 

bending angles, upon histamine treatment and successful AVK inhibition (Figure 63 A, B). This effect 

was not as severe as for the inhibition of AVK using NpHR, since bending angles reached just a 

maximum of 27°. Unfortunately, expression of HisCl1 in AVK unspecifically affected locomotion, since 

AVK::HisCl1 animals had reduced basal bending angles as well, compared to wild type. 
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Figure 63: Inhibition of AVK neurons using HisCl1 affects bending behavior. A) Time-course analysis of the mean bending 

angles ±SEM in animals expressing HisCl1 specifically in AVK. Animals were incubated for 10 minutes with or without 20 mM 

histamine and recorded for 30 seconds. B) Quantification of the mean bending angles ±SEM in wild type and AVK::HisCl1 

animals. Significant differences, either to wild type or the no-histamine conditions, are represented as n.s., non-significant, 

* P<0.05 and ** P<0.01. n, number of animals. 

Additionally, swimming rates of AVK::HisCl1 animals were reduced up to 50 % after incubation with 

histamine, but HisCl1 expression in AVK itself reduced swimming behavior as well (Figure 64). Thus, 

HisCl1 could be used to probe inhibition of AVK, but not to investigate effects on locomotion, since 

HisCl1 expression already significantly influences the animal’s behavior.  

 

 

Figure 64: Inhibition of AVK neurons using HisCl1 affects swimming behavior. Analysis of the swimming cycles ±SEM in 

AVK::HisCl1 animals exposed to liquid M9 buffer. Animals incubated with or without 20 mM histamine were recorded for 

60 seconds and significant differences, either to the wild type or no-histamine conditions, are represented in n.s., non-

significant and *** P<0.001. n, number of animals. Behavioral recordings were performed with the help of L. Martin.  
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Since HisCl1 could be used to inhibit AVK, FLP-1::mCherry fluorescence intensity levels were analyzed 

in AVK::HisCl1 animals 1 hour incubated with histamine. Therefore, AVK::HisCl1 expressing animals 

(strain ZX2501) were crossed with AVK::FLP-1::mCherry; AVK::GFP animals (strain ZX1471), resulting in 

the transgene AVK::HisCl1; AVK::FLP-1::mCherry; AVK::GFP (strain ZX2052). FLP-1::mCherry 

fluorescence signals were significantly reduced in the anterior region of the AVK processes and CCs 

upon histamine treatment, but not in the AVK cell bodies (Figure 65). Furthermore, GFP levels were 

not altered in the AVK cell bodies and processes, excluding a reduced FLP-1::mCherry expression 

caused by histamine (data not shown). Thus, FLP-1 peptide release is reduced during prolonged AVK 

inhibition.  

 

 

Figure 65: Inhibition of AVK using HisCl1 alters the release of FLP-1 peptides. Quantification of the mean mCherry 

fluorescence signals ±SEM in AVK::HisCl1 animals, additionally expressing soluble GFP and FLP-1::mCherry. Animals were 

treated with or without 20 mM histamine and FLP-1::mCherry signals were measured in the anterior CCs (1+2), AVK cell bodies 

and axons. Significant differences are represented as n.s., non-significant and * p<0.05. n, number of animals. 

 

5.5 FLP-1 peptides are detected by G protein-coupled receptors with different 

potency 

To identify potential receptors for FLP-1 neuropeptides downstream of AVK, candidate mutants were 

screened for changes in bending behavior, induced by AVK photoinhibition. It has been shown 

previously that a receptor NPR-1 from the platyhelminth Girardia tigrina (GtNPR-1) responds to 

C. elegans FLP-1 peptides (Omar et al. 2007). Thus, putative GtNPR-1 receptor homologues were 

searched in C. elegans, based on amino acid sequence alignments. Compared were known amino acid 

sequences for the C. elegans GPCRs NPR-1 to NPR-35 (Figure 120). The highest homology was found 

for the C. elegans receptors CeNPR-6 and CeNPR-3 with 37.8 and 29.3 % identity, respectively and 
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followed by CeNPR-7, 10, 4 2, 1 5 and 13 (Figure 66). npr-2 receptor mutants have already been 

identified as having a deficiency in crawling behavior (Yemini et al. 2013). Thus, mutants for CeNPR-6, 

CeNPR-3 and CeNPR-2 were analyzed for alterations in crawling locomotion behavior upon AVK 

inhibition.  

 

GtNPR-1      ----     37.8    29.3    28.7    28.1    27.5    27.2    27.2    27.2    25.4 

CeNPR-6     37.8     ----     28.2    27.5    35.8    31.7    30.5    28.6    30.2    26.9 

CeNPR-3     29.3    28.2     ----     26.5    26.3    26.6    31.1    29.9    24.9    27.9 

CeNPR-7     28.7    27.5    26.5     ----     25.3    24.4    23.8    22.8    22.9    21.3 

CeNPR-10   28.1    35.8    26.3    25.3     ----     41.3    30.0    26.5    30.3    30.1 

CeNPR-4     27.5    31.7    26.6    24.4    41.3     ----     26.4    28.7    28.8    28.6 

CeNPR-2     27.2    30.5    31.1    23.8    30.0    26.4     ----     44.0    27.6    26.4 

CeNPR-1     27.2    28.6    29.9    22.8    26.5    28.7    44.0     ----     28.3    28.1 

CeNPR-5     27.2    30.2    24.9    22.9    30.3    28.8    27.6    28.3     ----     32.1 

                                 CeNPR-13   25.4    26.9    27.9    21.3    30.1    28.6    26.4    28.1    32.1     ---- 

 

Figure 66: Phylogenetic conservation of neuropeptide receptors in C. elegans. Phylogenetic homology matrix, based on 

identities in amino acid- sequences, relative to the GtNPR-1 sequence. Highest homology (identity) to the GtNPR-1 was found 

for the GPCRs CeNPR-6 and CeNPR-3. Amino acid BLAST alignment was performed using Clustal Omega (Sievers et al. 2011). 

Amino acid sequences were extracted from wormbase.org. 

 

5.5.1 Behavioral effects of AVK-released FLP-1 peptides require the NPR-6 receptor  

Animals expressing AVK::NpHR (extrachromosomal; strain ZX1292) were crossed with mutants for 

npr-2 and npr-3, resulting in the transgenes npr-2(ok419); AVK::NpHR (strain ZX1507) and 

npr-3(tm1583); AVK::NpHR (strain ZX1508). In this case, the extrachromosomal array was used to 

increase the probability of a successful crossing procedure, as the genes flp-1, npr-2 and npr-3 are 

located on the same chromosome IV. The npr-2(ok419) mutant showed reduced basal bending angles, 

while npr-3(tm1583) mutants had a normal bending angle phenotype. AVK inhibition using NpHR still 

increased bending angles in the npr-2(ok419) and npr-3(tm1583) mutants, however, with a small 

extent for npr-3(tm1583), ruling them out as receptors for FLP-1 peptides released by AVK 

(Figure 67 A, B). 
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Figure 67: Loss of NPR-2 and NPR-3 receptors does not influence AVK neuronal function on bending locomotion. A) Time-

course analysis of the mean bending angles ±SEM in wild type animals, npr-2(ok419) and npr-3(tm1583) mutants, expressing 

AVK::NpHR. Animals were cultivated with ATR and recorded for 30 seconds before and during yellow light exposure 

(1mW/mm2, 580 nm). Yellow bar indicates the illumination period (0 to 30 seconds). Significance was calculated for the periods 

before illumination (-20 to 0 seconds) and during illumination (10 to 30 seconds), shown in upper bars. B) Quantification of 

the mean bending angles ±SEM for the indicated periods and genotypes. Significant differences, either to wild type or the no-

light conditions, are represented as n.s., non-significant, * P<0.05, ** P<0.01 and *** P<0.001. n, number of animals. 

For the behavioral characterization of npr-6 receptor mutants, animals expressing AVK::NpHR 

(strain ZX888) were crossed with the npr-6(tm1497) mutant, resulting in the transgene npr-6(tm1497); 

AVK::NpHR (strain ZX2034). The npr-6(tm1497) mutant had a normal bending angle phenotype as well, 

similar to the wild type. Interestingly, npr-6(tm1497) mutants were not able to follow AVK inhibition 

effects on bending angles to the same extent, suggesting NPR-6 to be necessary for FLP-1 effects and 

a putative FLP-1 receptor downstream of AVK (Figure 68 A, B). 
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Figure 68: AVK neurons modulate bending locomotion via the NPR-6 receptor. A) Time-course analysis of the mean bending 

angles ±SEM in wild type and npr-6(tm1497) animals expressing AVK::NpHR. Animals were cultivated with or without ATR and 

recorded for 30 seconds before and during yellow light exposure (1mW/mm2, 580 nm). Yellow bar indicates the illumination 

period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and during 

illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the indicated 

periods and genotypes. Significant differences are represented as n.s., non-significant and *** P<0.001. n, number of animals. 

In addition, npr-6(tm1497) did not respond to the presence of food, as bending angles were not 

altered, as already seen for flp-1(yn4) mutants (compare Figure 54 C and 69). Hence, AVK may mediate 

food effects by releasing FLP-1 neuropeptides, sensed by the receptor NPR-6. 

 

 

Figure 69: Loss of the NPR-6 receptor alters food effects mediated by AVK neurons. Analysis of the mean bending angles 

±SEM for npr-6(tm1497) mutants with and without food. Significant differences are represented as n.s., non-significant. n, 

number of animals. 

Yet, one may expect overall increased bending angles in the absence of the FLP-1 receptor, which was 

not the case for npr-6(tm1497) mutant. Consequently, other neuropeptide receptors may contribute 



Results 

 

123 
 

to FLP-1 effects, maybe together with NPR-6. To test this possibility, the double mutant npr-3(tm1583), 

npr-6(tm1497) (strain ZX1781) was created and crossed with animals expressing AVK::NpHR (strain 

ZX888), resulting in the transgene npr-3(tm1583); npr-6(tm1497); AVK::NpHR (strain ZX1817). 

Investigation of the bending behavior revealed that the double mutant had no significantly altered 

bending angle levels during AVK inhibition. Furthermore, basal bending angles of the double mutant 

were not increased compared to wild type. This result strengthens the assumption that NPR-6 is most 

probably the most relevant receptor sensing FLP-1 neuropeptides in vivo (Figure 70 A, B). 

 

 

Figure 70: AVK neurons modulate bending locomotion preferred via the NPR-6 receptor. A) Time-course analysis of the mean 

bending angles ±SEM in wild type and npr-3(tm1583), npr-6(tm1497) animals expressing AVK::NpHR. Animals were cultivated 

with or without ATR and recorded for 30 seconds before and during yellow light exposure (1mW/mm2, 580 nm). Yellow bar 

indicates the illumination period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 

0 seconds) and during illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles 

±SEM for the indicated periods and genotypes. Significant differences are represented as n.s., non-significant and ** P<0.01. 

n, number of animals. 

 

5.5.1.1 NPR-6 acts in ventral cord and head motoneurons to alter locomotion behavior 

by FLP-1 signaling  

Since AVK regulates behavioral parameters such as bending angles and dispersal, locomotion may 

likely be regulated via head or ventral cord motoneurons, to which AVK may signals by FLP-1 

transmission. Since AVK neurons have no direct synaptical connection to the ventral cord 

motoneurons, FLP-1 signaling is most likely mediated by volume transmission. To identify potential 

neurons modulated by AVK and expressing NPR-6 as a FLP-1 receptor, a pnpr-6::GFP promotor fusion 

(strain BC12792) was used. GFP expression was found in pharyngeal neurons (I1, I,2, I4 to I6, M1 to M5 
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and MC), NSM (shown by mRNA profiling) (Spencer et al. 2014), sensory neurons (ADL, ASH, ASI, ASJ, 

ASK, AWB, BAG, URAD and URYD), AIM, ALA, RIF CANL cells and tail neurons (PVT and PVP) (Figure 71). 

Additionally, GFP expression was also found in ventral cord (VC) motoneurons and head motoneurons 

(SMBD and SMBV).  

 

 

Figure 71: Expression pattern of the pnpr-6 promotor, using a transcriptional pnpr-6::GFP fusion. Confocal fluorescence 

image of an animal expressing pnpr-6::GFP in neurons of the head, in VC motoneurons along the ventral nerve cord and in the 

tail PVP and PVT neurons. Fluorescence image section of the head is shown separately, indicating NPR-6 expression in SMB 

motoneurons and others. The position of the pharynx is depicted as red dashed line. Scale bar, 100 µm (main image) and 

25 µm (separate head section). Confocal image stacks were maximum projected. Identification of the cell bodies was 

performed with the help of Prof. A. Gottschalk, using anatomy information from wormatlas.org, as well as from the 

reconstruction of the nervous system from (White et al. 1986). Image adapted from Oranth et al. 2018. 

For further behavioral investigation, the VC and SMB motoneurons were chosen as interesting 

neuronal candidates downstream of AVK. Therefore, cell-specific rescue experiments for NPR-6 were 

performed in npr-6(tm1497) mutants, expressing AVK::NpHR. NPR-6 was expressed under its own 

promotor, in VC neurons and in all cholinergic neurons (using the promotor plin-11 and punc-17, 

respectively) and in SMB neurons via the Cre/LoxP system and intersecting promotors pflp-12 and 

podr-2 (Schmitt et al. 2012). The resulting transgenes were indicated as npr-6(tm1497); AVK::NpHR; 

pnpr-6::NPR-6 (strain ZX2038), npr-6(tm1497); AVK::NpHR; VC::NPR-6 (strain ZX2035), npr-6(tm1497); 

AVK::NpHR; punc-17::NPR-6 (strain ZX2036) and npr-6(tm1497); AVK::NpHR; SMB::NPR-6 

(strain ZX2037). As expected and seen previously, upon AVK photoinhibition, the bending behavior was 

not altered in npr-6(tm1497) mutants (compare Figure 68 and 72). In contrast, expression of NPR-6 

under its own promotor enabled the light-evoked increase in bending angles, observed for AVK 

inhibition in wild type animals (Figure 72 B, C). Also, NPR-6 expression in VC and SMB neurons rescued 

the npr-6(tm1497) phenotype (72 A, C). However, expression of NPR-6 in all cholinergic neurons, 

including SMB and VC, could not increase bending behavior upon AVK inhibition, as bending angles 
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were not elevated (Figure 72 B, C). Since punc-17 drives expression in a large number of neurons, they 

could possibly antagonize effects in SMB and VC motoneurons. In sum, NPR-6 receptors expressed in 

the VC and SMB motoneurons are likely addressed by FLP-1 signaling from AVK to mediate changes in 

behavioral responses.  

 

 

Figure 72: AVK neurons signal via FLP-1 peptides to the NPR-6 receptor in SMB and VC neurons. A, B) Time-course analysis 

of the mean bending angles ±SEM in npr-6(tm1497); AVK::NpHR animals, cell-specifically rescued for NPR-6 under its own 

promotor and in VC, SMB or cholinergic neurons. Animals were cultivated with ATR and recorded for 30 seconds before and 

during yellow light exposure (1mW/mm2, 580 nm). Yellow bar indicates the illumination period (0 to 30 seconds). Significance 

was calculated for the periods before illumination (-20 to 0 seconds) and during illumination (10 to 30 seconds), shown in 

upper bars. C) Quantification of the mean bending angles ±SEM for the indicated periods and genotypes. Significant 

differences are represented as n.s., non-significant, ** p<0.01 and *** P<0.001. n, number of animals. 

 

 



Results 

 

126 
 

5.5.2 FLP-1 peptides are recognized by an additional high-potency receptor FRPR-7 

To test this hypothesis, activation of C. elegans GPCRs by FLP-1 was investigated in vitro in a 

collaboration with Dr. I. Beets (KU Leuven, Belgium). CHO cells, expressing the human G16 protein and 

the mitochondrially targeted aequorin, were transfected with GPCR cDNA. Activation of the receptors 

by synthetic FLP-1 peptides were monitored via changes in luminescence levels upon activation of the 

G16 subunits and calcium responses (Janssen et al. 2008). As a result, the GPCR FRPR-7 was a much 

more potent receptor for FLP-1 than NPR-6 (discussed in chapter 6.4.1). Since npr-6(tm1497) mutants 

had no overall increased bending angles, maybe FRPR-7 may contribute to FLP-1 mediated effects on 

locomotion behavior. To confirm this assumption, animals expressing AVK::NpHR (strain ZX888) were 

crossed with frpr-7(gk463846) mutants (strain VC40103), resulting in the transgene frpr-7(gk463846); 

AVK::NpHR (strain ZX2044). In contrast to npr-6(tm1497) animals, bending angles in the 

frpr-7(gk463846) mutant were still able to be enhanced during light-induced AVK inhibition, ruling out 

FRPR-7 as receptor for FLP-1, responsible for bending behavior (Figure 73 A, B). Additionally, overall 

bending angles were significantly reduced in the frpr-7(gk463846) mutant and did not copy the flp-1 

mutant phenotype.  

 

 

Figure 73: AVK neurons modulate bending locomotion independent from the FRPR-7 receptor. A) Time-course analysis of 

the mean bending angles ±SEM in wild type and frpr-7(gk463846) animals expressing AVK::NpHR. Animals were cultivated 

with or without ATR and recorded for 30 seconds before and during yellow light exposure (1mW/mm2, 580 nm). Yellow bar 

indicates the illumination period (0 to 30 seconds). Significance was calculated during the periods before illumination (-20 to 

0 seconds) and during illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles 

±SEM for the indicated periods and genotypes. Significant differences, either to wild type or the no-light condition, are 

represented as n.s., non-significant, * p<0.05, ** p<0.01 and *** P<0.001. n, number of animals. 
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Since the receptor mutants for npr-6, as well as for frpr-7, did not mimic the flp-1 mutant phenotype, 

the possibility that both receptors are necessary to regulate bending behavior and locomotion, was 

investigated. Therefore, a receptor double mutant was created by crossing the two npr-6(tm1497) and 

frpr-7(gk463846) single mutants, resulting in the transgene npr-6(tm1497); frpr-7(gk463846) 

(strain ZX1836). Compared to wild type, the double mutant showed significantly increased bending 

angles up to 28°, similar to the flp-1(yn4) mutant bending phenotype (Figure 74 A, B). According to 

that, both neuropeptide receptors are essential to mediate changes in bending behavior. 

 

 

Figure 74: AVK neurons modulate bending locomotion via FLP-1 signaling to NPR-6 and FRPR-7 receptors. A) Time-course 

analysis of the mean bending angles ±SEM for wild type, npr-6(tm1497) and frpr-7(gk463846) animals and the double mutant 

npr-6(tm1497); frpr-7(gk463846). B) Quantification of the mean bending angles ±SEM for the indicated genotypes. Significant 

differences to wild type are represented as n.s., non-significant and ** p<0.01. n, number of animals. 

To further asses locomotion in the receptor mutants, crawling trajectories and locomotion parameter 

were analyzed for the single npr-6(tm1497) and frpr-7(gk463846) mutants, as well as for the double 

mutant npr-6(tm1497); frpr-7(gk463846). All mutants, but particular npr-6(tm1497), explored smaller 

areas with a reduced distance to the origin and lower velocity (Figure 75 and 76 A-C). Thus, also 

regarding other locomotion parameters, NPR-6 and likely FRPR-7, mediate effects of FLP-1 signaling 

from AVK to modulate behavioral responses.  
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Figure 75: Crawling behavior is enhanced in npr-6 and frpr-7 mutants. Locomotion trajectories for wild type, npr-6(tm1497), 

frpr-7(gk463846) and npr-6(tm1497); frpr-7(gk463846) mutants during 120 seconds of crawling. Each track represents one 

animal, shown in different colors. Number of animals, n=20. 

 

 

Figure 76: Locomotion parameters are altered in npr-6 and frpr-7 mutants. Analysis of the locomotion behavior for wild type, 

npr-6(tm1497), frpr-7(gk463846) and npr-6(tm1497); frpr-7(gk463846) mutants during 120 seconds of crawling. Parameters 

are characterized as maximal distance to origin reached (A), total distance the animals crawled (B) and mean velocity ±SEM 

(C). Significant differences, either to wild type or between mutants, are represented as ** p<0.01 and *** p<0.001. n, number 

of animals. 

 

5.5.3 Effects of AVK inhibition on swimming behavior require the receptor FRPR-7  

Additionally, the swimming behavior was analyzed for animals lacking the NPR-6 and FRPR-7 receptors. 

npr-6(tm1497) mutants had normal swimming rates, which could be significantly reduced during AVK 

inhibition using NpHR (Figure 77). On the other hand, frpr-7(gk463846) mutants were not able to 

follow AVK inhibition and did not reduce their swimming rates upon light application. As a conclusion, 

even if both receptors are necessary for proper locomotion, the receptor NPR-6 is primarily required 

for FLP-1 effects on bending behavior, whereas FRPR-7 exclusively mediate AVK’s effect on swimming 

behavior. 
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Figure 77: Inhibition of AVK neurons alters swimming behavior via the FRPR-7 receptor, but independent from the NPR-6 

receptor. A) Analysis of the swimming cycles ±SEM for wild type, npr-6(tm1497) and frpr-7(gk463846) animals expressing 

AVK::NpHR. Animals were cultivated with and without ATR and recorded for 60 seconds with and without yellow light 

illumination (1 mW/mm2, 580 nm). Significant differences are represented as n.s., non-significant and *** P<0.001. n, number 

of animals. 

 

5.5.4 Loss of NPR-6, but not FRPR-7, affects synaptic transmission at the NMJ 

To determine if synaptic transmission at the cholinergic NMJ is affected in the npr-6(tm1497) and 

frpr-7(gk463846) mutants, an aldicarb-induced paralysis assay was implemented. Paralysis occurred 

slower in the npr-6(tm1497), as 50 % of the tested animals were paralyzed after approximately 

210 minutes and wild type animals after approximately 150 minutes. Thus, npr-6(tm1497) mutants 

have an aldicarb-resistant phenotype and decreased levels of synaptic transmission, similar to 

flp 1(yn4) mutants (Figure 59 and 78). In contrast, mutants for frpr-7(gk463846) showed no phenotype 

for aldicarb paralysis. This result indicates that continuous release of FLP-1 affects synaptic 

transmission at the cholinergic NMJ to control muscle activity, together with the NPR-6 receptor 

expressed in VC and SMB cholinergic motoneurons. In contrast, the receptor FRPR-7 may not 

contribute to this process or at least may act together with NPR-6 or another unidentified receptor to 

influence cholinergic synaptic transmission. 
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Figure 78: Aldicarb-induced paralysis for the npr-6 and frpr-7 receptor mutants. Time-course analysis of aldicarb-induced 

effects on synaptic transmission at the NMJ for wild type, npr-6(tm1497) and frpr-7(gk463846) mutants. unc-10(md1117) and 

dgk-1(sy428) mutants were used as aldicarb-resistant and aldicarb-hypersensitive controls, respectively. Animals were 

exposed to 1 mM aldicarb and paralysis was examined every 30 minutes for a period of 360 minutes. Significant differences 

to wild type are represented in * p<0.05, ** p<0.01 and *** P<0.001. n, number of animals. N=6, number of experiments. 

 

5.5.5 AVK contributes to the regulation of reversals via the FRPR-7 receptor in DVC 

interneurons 

To characterize the neurons involved in the regulation of swimming behavior via AVK-released FLP-1 

peptides, the expression pattern of the promotor pfrpr-7 fused to mCherry was assessed 

(strain ZX2151). mCherry was expressed in neurons of the head (ADAL, ADAR, ADEL, ADER, I1, I4, NSM, 

and SABV), in the interneuron DVC in the tail and additionally in the intestine (Figure 79). DVC has 

previously been shown to act as a proprioceptor during backward locomotion (Ardiel und Rankin 

2015). Thus, AVK may induce behavioral responses via FLP-1 peptide signaling to the receptor FRPR-7, 

expressed in the DVC interneuron.  
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Figure 79: Expression pattern of the pfrpr-7 promotor, using a transcriptional pfrpr-7::mCherry fusion. A) Confocal 

fluorescence image of an animal expressing pfrpr-7::mCherry. B, C) Fluorescence image section of the head and tail region. 

FRPR-7 is expressed in the DVC neuron in the tail (arrow). Position of the pharynx and the animal body shape is depicted as 

dashed line. Scale bar, 100 µm (A) and 25 µm (B, C). Confocal image stacks were maximum projected. Identification of cell 

bodies was performed with the help of Prof. A. Gottschalk, using anatomy information from wormatlas.org, as well as from 

the reconstruction of the nervous system from (White et al. 1986). 

To probe this hypothesis, locomotion parameters were analyzed during photostimulation of the DVC 

neuron using ChR2. Therefore, ChR2 was expressed in the DVC neuron via the pceh-36 promotor 

(strain VG29 and VG30) and crossed with the lite-1(ce314) mutant (KG1180), to avoid photophobic 

responses. The resulting transgenes were lite-1(ce314); DVC::ChR2 (strain ZX2388) and lite-1(ce314); 

DVC::ChR2 (strain ZX2388). During light-induced activation of the DVC neuron, bending angles were 

significantly increased to a mean of approximately 29° (Figure 80 A, B). This result indicates that the 

DVC neuron is involve in the regulation of the animal’s bending extend during locomotion.  
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 Figure 80: Stimulation of the DVC neuron using ChR2 alters bending behavior. A) Time-course analysis of the mean bending 

angles ±SEM in lite-1(ce314) animals expressing ChR2(H134R) in the DVC neuron. Animals were cultivated with ATR and 

recorded for 30 seconds before and during blue light exposure (1 mW/mm2, 470 nm). Blue bar indicates the illumination period 

(0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and during illumination 

(10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the indicated periods and 

genotypes. Significant differences are represented as n.s., non-significant, ** p<0.01 and *** P<0.001. n, number of animals. 

Interestingly, investigation of the swimming behavior revealed lite-1(ce314) mutants to have low 

swimming rates with an average of about 65 cycles per minute, compared to wild type, which average 

swimming rates were between 110 and 120 cycles per minute. Stimulation of the DVC neuron however 

had no effect on the swimming rates, ruling out DVC as a neuron candidate mediating AVK neuronal 

function on swimming behavior via FLP-1 and FRPR-7 signaling (Figure 81). Thus, other downstream 

neurons are likely to be addressed by AVK to regulate swimming behavior. 
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Figure 81: Stimulation of the DVC neuron does not affect swimming behavior. Analysis of the swimming cycles ±SEM in lite-

1(ce314) animals expressing ChR2(H134R) in the DVC neuron, exposed to liquid M9 buffer. Animals were cultivated with ATR 

and recorded for 60 seconds with and without blue light (1 mW/mm2, 470 nm), as indicated. Significant differences are 

represented as n.s., non-significant. n, number of animals. 

As the DVC neuron is thought to act in a proprioceptive way during backward locomotion, behavioral 

responses were additionally characterized by the occurrence of spontaneous pauses and reversals and 

the time the animals spent in those states. Photostimulation of the DVC neuron induced reversal 

behavior approximately 2 seconds after light was turned on (Figure 82 A). In contrast, the lite-1(ce314) 

mutant started spontaneous reversals after 7 seconds. Also, the mean reversal duration was 

significantly increased during DVC activation with a maximum of 6 seconds (Figure 82 B). Compared to 

the effects the DVC neurons had on bending behavior, the occurrence of reversal events with 

prolonged duration are most likely to account for the increase in bending angles. 
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Figure 82: Stimulation of the DVC neuron alters reversal onset and duration. Analysis of spontaneous pause and reversal 

states during crawling for lite-1(ce314) animals expressing ChR2(H143R) in the DVC neuron. Animals were incubated with ATR 

and recorded for 60 seconds with and without blue light (1 mW/mm2, 470 nm), as indicated. A) Analysis of the onset of reversal 

during blue light illumination. B) Analysis of the mean reversal duration ±SEM for the indicated genotypes. Significant 

differences, either to lite-1(ce314) mutants or the no-light conditions, are represented as n.s., non-significant, ** p<0.01 and 

*** p<0.001. n, number of animals. 

To test FRPR-7’s contribution to the effects of DVC activation on reversal states, the mutant 

frpr-7(gk463846) was additionally analyzed for spontaneous reversal behavior during locomotion. The 

occurrence of reversals during a 60 seconds crawling period was significantly lower for the 

frpr-7(gk463846) mutant than for wild type animals (Figure 83 A). The reversal duration was also 

increased in some of the mutants, however not significantly altered compared to the wild type 

(Figure 83 B). Thus, the receptor FRPR-7 and probably FLP-1 signaling are contributing to the regulation 

of backward locomotion via the proprioceptive DVC neuron. 
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Figure 83: Loss of the FRPR-7 receptor reduces the probability of reversals during locomotion. Analysis of spontaneous 

reversal states during 60 seconds of crawling for wild type and frpr-7(gk463846) mutants. Reversal states are characterized 

as reversal frequency ±SEM (A) and mean reversal duration ±SEM (B) for the indicated genotypes. Significant differences to 

wild type are represented as n.s., non-significant and *** p<0.001. n, number of animals. 

 

5.6 AVK resides within neuronal circuits regulating locomotion and food responses 

Since AVK mediates neuropeptide signaling to modulate locomotion, dependent on the presence of 

food, the next step was the identification of cells to which AVK signals directly, apart from volume 

transmission. The most prominent postsynaptic AVK partners are the head motoneurons SMB with 

3 chemical and 8 electrical synapses, to which AVK could signal directly to affect head and body 

bending (wormweb.org). 

 

5.6.1 SMB head motoneurons form a gap junction network with AVK neurons 

As already shown in the mRNA profile, genes encoding the innexin gap junction units UNC-7 and UNC-9 

are highly enriched for AVK neurons (Figure 53). To probe gap junction connectivity as responsible for 

the increase in bending angles, the unc-7 gene was knocked down specifically in AVK neurons, using 

promotor driven RNA interference (RNAi) via the induction of sense and antisense transgenes by 

microinjection, as described in chapter 4.3.2.1 (Tavernarakis et al. 2000). AVK specific unc-7 gene 

knockdown in AVK::NpHR animals (strain 2182), led to an increase in bending angles, indicating that 

an electrical continuum is required for proper AVK function (Figure 84 A, B). Apart from that, 

simultaneous AVK inhibition in these animals was not affected, as it still increased bending angles, 

however not to the same extent. After illumination, the bending angles remained significantly 

increased for a minimum period of 30 seconds. Thus, gap junction formation is involved in the 

regulation of bending behavior via AVK and has impact on the interneuron’s activity, but this is likely 
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not the favored signaling pathway. Indeed, AVK signals to SMB motoneurons via FLP-1 peptides and 

NPR-6 receptors, indicated in the cell-specific rescue experiments for the npr-6(tm1497) mutant 

(Figure 72 A, C). Thus, AVK primarily uses neuropeptide transmission to affect behavior and 

locomotion, independent of gap junction connectivity to other cells.  

 

 

Figure 84: AVK neuronal activity is influenced by electrical coupling. A) Time-course analysis of the mean bending angles 

±SEM in AVK::NpHR with or without additional AVK-specific knockdown of the unc-7 gap junction subunits. Animals were 

cultivated with ATR and recorded for 30 seconds before, during and after yellow light exposure (1.1 mW/mm2, 580 nm). Yellow 

bar indicates the illumination period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 

0 seconds), during illumination (10 to 30 seconds) and after illumination (40 to 60 seconds), shown in upper bars. 

B) Quantification of the mean bending angles ±SEM for the indicated periods and genotypes. Significant differences, either to 

the AVK::NpHR control or to the no-light condition, are represented as n.s., non-significant, ** P<0.01 and *** P<0.001. n, 

number of animals. 

To further test the role of SMB neurons in mediating behavior affected by AVK and FLP-1/NPR-6 

signaling, SMB neurons were ablated using the caspase interleukin-1ß-converting enzyme (ICE), which 

induces the activation of programmed cell-death pathways (Zheng et al. 1999). Therefore, AVK::NpHR 

animals (strain ZX888) were crossed with animals expressing ICE in SMB neurons (strain ZX946), 

resulting in the transgene AVK::NpHR; SMB::ICE (strain ZX2287). As shown by examination of the 

locomotion behavior, SMB ablation led to highly increased bending angles and simultaneous AVK 

inhibition using NpHR had no further effects on bending behavior (Figure 85 A, B). 
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Figure 85: Ablation of SMB neurons increases bending behavior dependent on AVK neurons. A) Time-course analysis of the 

mean bending angles ±SEM in AVK::NpHR animals, where SMB was ablated using ICE. Animals were cultivated with ATR and 

recorded for 30 seconds before and during yellow light exposure (1 mW/mm2, 580 nm). Yellow bar indicates the illumination 

period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and during 

illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the indicated 

periods and genotypes. Significant differences, either to the AVK::NpHR control or the no-light condition, are represented as 

n.s., non-significant and *** P<0.001. n, number of animals. 

To assess how these phenotypes measured by bending angles also affected locomotion behavior and 

strategies, crawling trajectories were analyzed as well. They revealed a strong dwelling behavior 

phenotype of SMB ablated animals, in comparison to the wild type (Figure 86). Locomotion 

parameters, such as distance to the origin and velocity were highly reduced in SMB ablated animals 

(Figure 87). 

 

 

Figure 86: Ablation of SMB neurons enhances crawling behavior. Locomotion trajectories for wild type and SMB::ICE ablated 

animals during 120 seconds of crawling. Each track represents one animal, shown in different colors. Number of animals, 

n=20. 
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Figure 87: Ablation of SMB neurons affects locomotion parameters. Analysis of the locomotion behavior for wild type and 

SMB::ICE ablated animals during 120 seconds of crawling. Parameters are characterized as maximal distance to origin reached 

(A), total distance the animals crawled (B) and mean velocity ±SEM (C). Significant differences to wild type are represented as 

*** p<0.001. n, number of animals. 

The same phenotype was found for AVK::ICE ablated animals (strain ZX966), where bending angles and 

dwelling behavior were increased as well (Figure 88 A, B). This suggests, that SMB acts downstream of 

AVK and these motoneurons are addressed by FLP-1 transmission. 

 

 

Figure 88: Ablation of AVK neurons increases bending behavior. A) Time-course analysis of the mean bending angles ±SEM 

in wild type, compared to AVK ablated animals, using ICE. B) Quantification of the mean bending angles ±SEM for the indicated 

genotypes. Significant differences to wild type are represented as ** P<0.01. n, number of animals. 
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5.6.2 FLP-26 peptides are expressed in SMB neurons to control bending behavior  

Since NPR-6 is activated by FLP-1 peptides with low potency, Dr. I. Beets (KU Leuven, Belgium) was 

looking for other neuropeptides activating NPR-6 with high potency in vitro. Specifically, FLP-26 

peptides bound with much higher affinity to NPR-6 receptors than FLP-1 peptides (Dr. I. Beets, personal 

communication). Thus, mutants for flp-26 were tested for deficiencies in bending and locomotion 

behavior. Therefore, AVK::NpHR expressing animals (strain ZX888) were crossed with flp-26(gk3015) 

mutants (strain VC3017), resulting in the transgene flp-26(gk3015); AVK::NpHR (strain ZX1793). 

flp-26(gk3015) mutants showed increased bending angles with an average of approximately 28°, which 

could not be further increased upon AVK photoinhibition (Figure 89 A, B). However, the enhanced 

bending angle phenotype of the flp-26(gk3015) mutant was not as sever, as for flp-1(yn4) mutants 

which had increased bending angles up to 34°. 

 

 

Figure 89: Loss of FLP-26 peptides influences AVK neuronal function on bending locomotion. A) Time-course analysis of the 

mean bending angles ±SEM in wild type and flp-26(gk3015) mutants, expressing AVK::NpHR. Animals were cultivated with or 

without ATR and recorded for 30 seconds before and during yellow light exposure (1 mW/mm2, 580 nm). Yellow bar indicates 

the illumination period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) 

and during illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the 

indicated periods and genotypes. Significant differences are represented as n.s., non-significant, * p<0.05 and ** P<0.01. n, 

number of animals. 

Furthermore, swimming behavior of the flp-26 mutant was analyzed. flp-26(gk3015) mutants showed 

no alteration in the basal swimming frequency and AVK photoinhibition sill caused reduced swimming 

cycles (Figure 90). This result leads to the assumption, that FLP-26 acts together with FLP-1 to regulate 

bending behavior via the AVK interneurons, either by potentiating FLP-1 effects, or by competing with 

them. In contrast, FLP-26 is likely not involved in mediating changes during swimming locomotion. 
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Figure 90: Loss of FLP-26 peptides has no impact on AVK neuronal function on swimming behavior. Analysis of the swimming 

cycles ±SEM in wild type animals and flp-26(gk3015) mutants, expressing NpHR in AVK. Recordings were performed for 

60 seconds without or during yellow light illumination (1 mW/mm², 580 nm) and significant differences are represented as 

** P<0.01 and ***p<0.001. n, number of animals. 

To characterize the neurons involved in the regulation of bending behavior via AVK and FLP-26 

signaling, the expression pattern of the promotor pflp-26 fused to GFP was assessed (strain ZX1763) 

(Figure 91 A, B). GFP was expressed in neurons of the head (M1, AVJ, AVH and SMD), including SMB 

motoneurons, as shown by co-expression of mCherry in those cells (strain ZX2310) (Figure 91 C). Other 

neurons were identified in the tail (PVQ, LUA and PQR). Interestingly, in the transgene pflp-26::GFP; 

SMB::mCherry (strain ZX2310), the NPR-6 receptor and FLP-26 peptides are co-expressed in SMB 

neurons, which may indicate that NPR-6 affects FLP-26 release from SMB through FLP-1 signaling from 

AVK.  
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Figure 91: Expression pattern of the pflp-26 promotor, using transcriptional pflp-26::GFP fusion. Confocal fluorescence 

image of animals expressing pflp-26::GFP in the head (A) and tail (B). FLP-26 is expressed in SMB motoneurons (arrows). For 

identification, mCherry was additionally expressed in the pharynx (pmyo-2::mCherry) (A) or in SMB neurons (C), where 

colocalization with pflp-26::GFP is indicated by a yellow color. Position of the pharynx and the animal body shape is depicted 

as dashed line. Scale bar, 15 µm (A, B) and 25 µm (C). Confocal image stacks were maximum projected. Identification of cell 

bodies was performed with the help of Prof. A. Gottschalk, using anatomy information from wormatlas.org, as well as from 

the reconstruction of the nervous system from (White et al. 1986). 

 

5.6.3 SMB neurons get inhibited by AVK neurons via FLP-1, FLP-26 and NPR-6 signaling 

To further examine the role of SMB motoneurons in mediating behavior effects on locomotion via AVK 

and FLP-1 or FLP-26 peptide signaling, the activity of SMB neurons was monitored during AVK inhibition 

using cell-specific calcium imaging, as described in chapter 4.4.3.2. The calcium indicator GCaMP3.0 

was expressed in SMB neurons of wild type, npr-6(tm1497) and flp-26(gk3015) mutants, along with 

AVK::NpHR. The resulting transgenes were SMB::GCaMP3.0 (strain ZX2414); npr-6(tm1497); 

SMB::GCaMP3.0 (strain ZX2416) and flp-26(gk3015); SMB::GCaMP3.0 (strain ZX2415). Animals raised 

without ATR showed no significant alteration in calcium levels of SMB neurons upon yellow light 

application, since NpHR was not functional. However, animals cultivated with ATR had significantly 

increased GCaMP fluorescence levels over time during AVK inhibition (Figure 92 A, B). Thus, SMB 

neurons get inhibited by AVK and ongoing FLP-1 signaling. Interestingly, in npr-6(tm1497) mutants, 

calcium levels were not increased but rather slightly reduced during light-evoked AVK inhibition. In the 

flp-26(gk3015) mutant raised with ATR, calcium signals of SMB::GCaMP animals were also reduced, 

but not to the same extent as in the npr-6(tm1497) mutant. This indicates that, despite its low affinity 

to the NPR-6 receptor, FLP-1 peptides released from AVK specifically inhibits SMB motoneurons via 

the NPR-6 receptor and that FLP-26 peptide signaling may contribute to this effect. 
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Figure 92: SMB neurons are inhibited by FLP-26 and NPR-6 signaling to affect locomotion. A) Time-course analysis of GCaMP 

fluorescent levels ±SEM in wild type, npr-6(tm1497) and flp-26(gk3015) mutants, expressing AVK::NpHR and SMB::GCaMP. 

Animals were cultivated with or without ATR and recorded for 5 seconds before and 20 seconds during yellow light exposure 

(1 mW/mm2, 580 nm). Yellow bar indicates the illumination period (0 to 20 seconds). Calcium induced changes in fluorescence 

levels are indicated as ΔF/F0. Significance was calculated for the periods before illumination ( -5 to 0 seconds) and during 

illumination (5 to 20 seconds), shown in upper bars. B) Quantification of the mean GCaMP fluorescent levels ±SEM for the 

indicated periods and genotypes. Significant differences are represented as n.s., non-significant and *** P<0.001. n, number 

of animals. Analysis was performed with the help of Dr. O. Tolstenkov and Prof. A. Gottschalk.  

 

5.6.4 AVK neurons act in parallel to the DVA interneuron, dependent on NLP-12 

peptide transmission 

Besides of AVK, also the interneuron DVA is highly connected to SMB motoneurons and can potentially 

affect locomotion parallel to AVK. To further investigate the influence of the DVA neuron on AVK and 

its control of bending locomotion and dispersal, the DVA neuron was ablated using ICE. Therefore, 

animals expressing AVK::NpHR and DVA::ICE (strainZX2286), were created by microinjection. DVA 

ablated animals showed no significant reduction in bending angles, indicating that the loss of DVA can 

be compensated via other neurons to regulate bending behavior (Figure 93 A, B). Indeed, simultaneous 

AVK photoinhibition using AVK::NpHR still significantly increased body bending. As a consequence, 

DVA may not contribute to the regulation of bending behavior regulated via AVK. 
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Figure 93: Ablation of the DVA neuron does not influence bending behavior via AVK neurons. A) Time-course analysis of the 

mean bending angles ±SEM in AVK::NpHR animals, where DVA was ablated using ICE. Animals were cultivated with ATR and 

recorded for 30 seconds before and during yellow light exposure (1 mW/mm2, 580 nm). Yellow bar indicates the illumination 

period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and during 

illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the indicated 

periods and genotypes. Significant differences are represented as n.s., non-significant, ** p<0.01 and *** P<0.001. n, number 

of animals. 

The DVA interneuron is known to be the only C. elegans neuron releasing NLP-12 neuropeptides to 

regulate locomotion (Hu et al. 2011; Janssen et al. 2008). To further determine if NLP-12 peptide 

signaling from DVA is important for bending behavior regulated via AVK, a nlp-12 mutant was analyzed 

for locomotion deficiencies. Therefore, AVK::NpHR animals (strain ZX888) were crossed with 

nlp-12(ok335) mutants (strain RB607), resulting in the transgene nlp-12(ok335); AVK::NpHR 

(strain ZX1761). nlp-12(ok335) mutants exhibited reduced bending angles compared to wild type and 

inhibition of AVK using NpHR could not further increase body bending (Figure 94 A, B). In contrast to 

the results obtained during DVA ablation using ICE, NLP-12 released by DVA is involved in the 

regulation of bending behavior via AVK. Since AVK is directly connected to the DVA neuron by chemical 

synapses (Figure 113), AVK inhibition may indirectly influences DVA’s activity to regulate bending in a 

parallel intersecting pathway. 
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Figure 94: Loss of NLP-12 peptides influences AVK neuronal function on bending locomotion. A) Time-course analysis of the 

mean bending angles ±SEM in wild type and nlp-12(ok335) mutants, expressing AVK::NpHR. Animals were cultivated with ATR 

and recorded for 30 seconds before and during yellow light exposure (1 mW/mm2, 580 nm). Yellow bar indicates the 

illumination period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and 

during illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the 

indicated periods and genotypes. Significant differences, either to wild type or the no-light condition, are represented as n.s., 

non-significant, ** P<0.01 and *** p<0.001. n, number of animals. 

Furthermore, swimming behavior of the nlp-12(ok335) mutant was investigated. nlp-12(ok335) 

mutants showed a slightly reduced swimming frequency compared to the wild type, however AVK 

photoinhibition sill caused significant decrease in swimming cycles (Figure 95). Thus, AVK influences 

swimming independent from NLP-12 signaling from the DVA interneuron. 
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Figure 95: Loss of NLP-12 peptides has no impact on AVK neuronal function on swimming behavior. Analysis of the 

swimming cycles ±SEM in wild type animals and nlp-12(ok335) mutants (A), as well as in animals expressing NpHR in AVK and 

incubated with ATR (B). Recordings were performed for 60 seconds without or during yellow light illumination (1 mW/mm², 

580 nm) and significant differences are represented as n.s., non-significant, ** P<0.01 and ***p<0.001. n, number of animals. 

 

5.7 Dopamine regulates the activity of AVK neurons to mediate food responses 

The DVA interneuron is known to be involved in the food-induced slowing of locomotion if animals 

enter a bacterial lawn (basal slowing response). This process has been shown to be regulated via 

dopamine signaling (Bhattacharya et al. 2014). Both neuron types, AVK and DVA, receive extensive 

chemical synapses from the dopaminergic neurons PDE. Dopaminergic neurons sense the texture of 

bacteria to initiate and regulate the basal slowing response (Sawin et al. 2000). In that sense, the role 

of dopamine as a mechanical component in food sensation, released from PDE to AVK and DVA, was 

further investigated.  

 

5.7.1 Acute dopamine exposure inhibits AVK neurons 

To analyze the effects of dopamine on bending behavior and locomotion, animals were exposed to 

exogenous dopamine. Acute (10 minutes) or prolonged (1 hour) exposure to dopamine led to no 

alteration in the extent of body bending, compared to non-treated animals (Figure 96 A, B). However, 

photoinhibition of AVK could not increase bending behavior upon acute dopamine exposure. This may 

suggest that dopamine influences AVK neuronal activity and its capability to regulate locomotion 

behavior.  
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Figure 96: Exogenous dopamine influences AVK neuronal activity. A) Time-course analysis of the mean bending angles ±SEM 

in crawling AVK::NpHR animals exposed to dopamine. Animals were cultivated with ATR and incubated with 20 mM dopamine 

(DA) for 10 minutes or 1 hour and recorded for 30 seconds before and during yellow light exposure (1 mW/mm2, 580 nm). 

Yellow bar indicates the illumination period (0 to 30 seconds). Significance was calculated for the periods before illumination 

(-20 to 0 seconds) and during illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending 

angles ±SEM for the indicate periods. Significant differences are represented as n.s., non-significant and *** p<0.001. n, 

number of animals. 

 

5.7.2 Stimulation of dopaminergic neurons affects locomotion 

To overcome unspecific effects caused by exogenous dopamine application, ChR2(H134R) was 

expressed in dopaminergic neurons, using the pdat-1 promotor (strain ZX909) and bending behavior 

was examined during neuronal activation and dopamine signaling. Photostimulation of dopaminergic 

neurons in the lite-1(ce314) mutant background resulted in a reduction of bending angles, which was 

more severe than the reduced bending behavior observed on food (Figure 97 A, B). Consequently, 

bending angles were increased in cat-2(e1112) mutants (strain ZX1042) lacking a tyrosine hydroxylase 

responsible for dopamine synthesis. The stimulation of dopamine release had no effect on bending 

angles, if CAT-2 was absent. Hence, acute activation of dopaminergic neurons altered bending 

behavior, dependent on dopamine synthesis and release, most propably mediated through FLP-1 

signaling from AVK.  
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Figure 97: Stimulation of dopaminergic neurons using ChR2 reduces bending behavior. A) Time-course analysis of the mean 

bending angles ±SEM in lite-1(ce314) and cat-2(e1112) mutants, expressing pdat-1::ChR2. Animals were cultivated with ATR 

and recorded for 30 seconds before and during blue light exposure (1 mW/mm2, 470 nm). Blue bar indicates the illumination 

period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and during 

illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the indicated 

periods and genotypes. Significant differences, either to the lite-1(ce314) mutant or to the no-light condition, are represented 

as n.s., non-significant, * p<0.05 and ** p<0.01. n, number of animals. 

In order to investigate if dopamine signaling alters bending behavior trough AVK or DVA, both 

interneurons were ablated. Since ablation of the DVA neuron using the caspase ICE was not sufficient 

to influence bending behavior and locomotion (Figure 93), the minimal singlet oxygen generator 

mito-miniSOG was expressed in DVA as an alternative tool to induce cell death. In contrast to cell 

ablation using the caspase ICE, where cells die during development which may alter network 

connectivity, miniSOG expressed in the mitochondria induces cell death via toxic reactive oxygen 

species by acute photoactivation using blue light (Qi et al. 2012). Therefore, lite-1(ce314) mutants 

expressing pdat-1::ChR2 in combination with AVK::miniSOG or DVA::miniSOG were created by 

microinjection (strain ZX1454 and ZX2150, respectively). Exposing animals to blue light for 15 minutes, 

disrupted AVK and DVA cell morphology and led to fragmentation of the neuronal processes, examined 

by fluorescence observation of the co-expressed GFP (data not shown) (Oranth et al. 2018). Acute 

ablation of AVK using blue light resulted in an increase in bending angles, as previously indicated for 

AVK::ICE ablated animals (compare Figure 89 A, B and Figure 98 A, B). Yet, upon activation of 

dopaminergic neurons using ChR2, bending angles could still be reduced, but not to the same extent 

compared to lite-1(ce314) mutants, where AVK was not disrupted. However, animals expressing 

miniSOG already exhibited upregulated bending behavior, even in the absence of blue light and non-

activated ablation. This result may indicates that AVK is not the only neuron necessary for the animals 

to maintain low bending angles during dopamine signaling in the presence of food. Maybe other 

neurons are addressed downstream of dopaminergic neurons that compensate AVK neuronal function 
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in the regulation of bending behavior, e.g. the DVA interneuron. Interestingly, acute ablation of DVA 

using miniSOG still reduces bending angles upon activation of dopamine signaling as well (Figure 98 A, 

B). As already indicated, bending angles were not significantly altered in animals lacking the 

interneuron DVA, neither by chronic ablation using ICE, nor by implementing acute ablation via 

miniSOG (Figure 93). Thus, DVA is likely not the predominant neuron acting in a parallel pathway to 

AVK to mediate behavioral responses upon light-evoked dopamine release. 

 

 

Figure 98: Stimulation of dopaminergic neurons reduces bending behavior, not only via AVK neurons. A) Time-course 

analysis of the mean bending angles ±SEM in lite-1(ce314);pdat-1::ChR2 animals, expressing miniSOG in AVK and DVA. 

Animals were cultivated with ATR and irradiated with or without blue light (470 nm) for miniSOG activation. Subsequently, 

animals were recorded for 30 seconds before and during blue light exposure (1 mW/mm2, 470 nm). Blue bar indicates the 

illumination period (0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and 

during illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the 

indicated periods and genotypes. Significant differences, either to the lite-1(ce314); pdat-1::ChR2 control or to the no-light 

condition, are represented as ** p<0.01 and *** p<0.001. n, number of animals. 

 

5.7.3 AVK neurons express D1- and D2-type dopamine receptors 

In order to explore the nature of dopamine’s direct influence on AVK neuronal activity and function, it 

would be instrumental to affect this neurotransmission. Therefore, it is necessary to identify the 

dopamine receptors used by AVK. In collaboration with Dr. R. McWhirter and Prof. D. Miller (Vanderbilt 

University, USA), mRNA profiling was used to find proteins potentially influencing AVK neuronal activity 

via dopamine signaling and to investigate how dopamine affects locomotion and bending behavior. 

Three genes encoding dopamine receptors were found to be significantly enriched in AVK, namely the 

dop-1, dop-3 and dop-4, whereas DOP-3 showed the highest expression (Figure 99). Based on the 

intracellular G-protein signaling pathway, DOP-3 is an inhibitory D2-type receptor, whereas DOP-1 
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and DOP-4 are stimulatory D1-type receptors (Chase et al. 2004; Ardiel et al. 2016). Since AVK and DVA 

are both highly connected to PDE neurons via chemical synapses, they likely get dopaminergic input 

via distinct dopamine receptors (Figure 113).  

 

 

Figure 99: Dopamine receptors are highly enriched in AVK neurons. Scatter plot of upregulated AVK transcripts, identified by 

single-cell RNA-Seq from AVK neurons isolated at L1 stage. AVK enriched genes are defined by the threshold of FDR-corrected 

p-values < 0.001 and > 2-fold change, as indicated. Transcripts for dopamine receptors dop-1, dop-4 and dop-3 are highlighted 

in purple. mRNA profiling of AVK was performed with the help of Dr. R. McWhirter and Prof. D. Miller III.  

 

5.7.3.1 Dopamine regulates the activity of AVK neurons via the DOP-3 receptor 

Since DOP-3 is the most abundant dopamine receptor in AVK, the expression pattern of the pdop-3 

promotor was examined. Therefore, animals expressing pdop-3::RFP (strain LX811) were crossed with 

AVK::ChR2::YFP expressing animals (strain ZX903), resulting in the transgene pdop-3::RFP; 

AVK::ChR2::YFP (strain ZX2357). RFP is expressed in a variety of neurons in the head of C. elegans, in 

neurons along the ventral nerve cord and muscle cells (Figure 100). However, DOP-3 localization was 

not found in AVK neurons, where no co-localization of YFP and RFP fluorescence signals were detected. 

This is puzzling, since results from the mRNA profiling are very distinct. One reason for this finding can 

be that the reporter construct for dop-3 is incomplete and parts of the promotor, crucial for expression 

in AVK, are missing. 
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Figure 100: Expression pattern of the pdop-3 promotor, using transcriptional pdop-3::RFP fusion. Fluorescence image of an 

animal expressing pdop-3::RFP (left). Fluorescence image section (right) of the head region indicating two different cells 

expressing pdop-3::RFP and pflp-1::ChR2::YFP, respectively (arrow). Position of the pharynx and the animal body shape is 

depicted as dashed line. Scale bar, 200 µm (left) and 50 µm (right). 

Thus, we used other approaches to investigate a cell-autonomous function of DOP-3 in AVK 

interneurons. Experiments of dopaminergic neuron stimulation were repeated in a dop-3 mutant, to 

further investigate how dopamine affects locomotion and bending behavior. Wild type pdat-1::ChR2 

expressing animals (strain ZX2152) were crossed with dop-3(vs106) mutants (strain LX703), resulting 

in the transgene dop-3(vs106); pdat-1::ChR2 (strain ZX2106). Again, bending angles were reduced in 

lite-1(ce314) and wild type animals during dopamine neuron photoactivation, whereas wild type 

animals show less sever effects due to possible photophobic behavioral responses (Figure 101 A, B). In 

dop-3(vs106) mutants, bending behavior was increased, but effects of dopamine neuron stimulation 

on locomotion were abolished. To further investigate, if DOP-3 functions specific in AVK and DVA to 

regulate bending behavior via dopamine signaling, DOP-3 was expressed in AVK or DVA of dop-3(vs106) 

mutants. The resulting transgenes were dop-3(vs103); pdat-1::ChR2; AVK::DOP-3 (strain ZX2201) and 

dop-3(vs103); pdat-1::ChR2; DVA::DOP-3 (strain ZX2202). Cell-specific expression of DOP-3 in AVK 

could rescue the dop-3(vs106) mutant phenotype (Figure 101 A, B). In contrast, the expression of 

DOP-3 in DVA did not rescue reduced angles, rather the opposite effect occurred and bending behavior 

was significantly increased. Thus, during food sensation and dopamine signaling, bending angles are 

reduced via the DOP-3 receptor in AVK, likely by inhibition, and consequently the loss of DOP-3 

increases bending behavior. In contrast, DVA may not contribute to this effect. 
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Figure 101: Stimulation of dopaminergic neurons reduces bending behavior via DOP-3 in AVK neurons. A) Time-course 

analysis of the mean bending angles ±SEM in wild type and lite-1(ce314) animals, expressing pdat-1::ChR2, as well as in dop-

3(vs106) mutants rescued for DOP-3 expression specifically in AVK and DVA. Animals were cultivated with ATR and recorded 

for 30 seconds before and during blue light exposure (1 mW/mm2, 470 nm). Blue bar indicates the illumination period 

(0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and during illumination 

(10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the indicated periods and 

genotypes. Significant differences, either to wild type or the no-light condition, are represented as ** p<0.01 and *** p<0.001. 

n, number of animals. 

Additionally, food responses were analyzed in animals lacking the DOP-3 receptor in AVK neurons, 

using cell-specific RNAi (strain ZX2460). Compared to the wild type, AVK::DOP-3RNAi animals showed no 

switch to dispersal behavior, if removed from food (Figure 102).  

 

 

Figure 102: Knockdown of dop-3 in AVK neurons alters overall locomotion behavior. Locomotion trajectories for 

AVK::DOP-3RNAi animals during 120 seconds of crawling. Animals were recorded with or without food, as indicated. Each track 

represents one animal, shown in different colors. Number of animals, n=31-32. 

Accordingly, behavioral parameters, such as total distance crawled from origin and velocity, were 

reduced compared to the wild type (Figure 103 B, C). But again, there was no difference in the 

locomotion during food sensation for animals lacking the DOP-3 receptor in AVK. However, bending 

angles were still increased without food, as seen for the wild type (Figure 103 D). This may indicate 
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additional pathways of dopamine signaling, most likely via DVA, as exogenous dopamine applicated 

was reported to affect bending via the DOP-1 receptor expressed in DVA (Bhattacharya et al. 2014). 

 

 

Figure 103: Knockdown of dop-3 in AVK neurons alters locomotion parameter. A) Analysis of the locomotion behavior for 

wild type and AVK::DOP-3RNAi animals during 120 seconds of crawling. Animals were recorded with or without food, as 

indicated. Parameters are characterized as maximal distance to origin reached (A), total distance the animals crawled (B), 

mean velocity ±SEM (C) and mean bending angles ±SEM (D). Significant differences, either to wild type or the no-food 

conditions, are represented as n.s., non-significant, * p<0.05, ** P<0.01 and *** p<0.001. n, number of animals. 



Results 

 

153 
 

5.7.3.2 Besides the DOP-3 receptor, dopamine regulates the activity of AVK neurons 

also partially via the DOP-1 receptor 

Since dopamine signaling reportedly affect bending via DOP-1 receptors expressed in DVA and this 

receptor was found to be expressed in AVK (Figure 99), the expression pattern of the pdop-1 promotor 

was investigated as well. Therefore, animals expressing pdop-1::GFP (strain LX831) were crossed with 

AVK::mCherry animals (strain ZX1834), resulting in the transgene pdop-1::GFP; AVK::mCherry 

(strain ZX2358). GFP was found to be expressed in cholinergic neurons along the ventral nerve cord, 

as well as in the pharyngeal neurons (Figure 104). However, no DOP-1 localization was found either in 

DVA or in AVK neurons, where no co-localization of GFP and mCherry fluorescence signals were 

detected. Again, the reporter construct for dop-1 is maybe incomplete and party of the promotor, 

crucial for expression in AVK or DVA, are missing. Furthermore, endogenous expression levels of DOP-1 

may be to low to visualize them by reporter gene visualization.  

 

 

Figure 104: Expression pattern of the pdop-1 promotor, using transcriptional pdop-1::GFP fusion. Fluorescence image of an 

animal expressing pdop-1::GFP (left). Fluorescence image section (right) of the head region indicating two different cells 

expressing pdop-1::GFP and pflp-1::mCherry, respectively (arrow). Position of the pharynx and the animal body shape is 

depicted as dashed line. Scale bar, 150 µm (left) and 50 µm (right).  

 

Additionally, experiments of dopamine neuron stimulation were repeated in a dop-1 mutant as well. 

Animals expressing pdat-1::ChR2 (strain 2152) were crossed with dop-1(vs100) mutants(strain LX645), 

resulting in the transgene dop-1(vs100); pdat-1::ChR2 (strain ZX2101). In dop-1(vs100) mutants, 

bending behavior was not altered and effects of dopamine neuron stimulation were not completely 

abolished, since bending angles were still reduced (Figure 105 A, B). To further investigate, if DOP-1 

functions specific in AVK and DVA to regulate bending behavior via dopamine signaling, DOP-1 was 

expressed in AVK or DVA of dop-1(vs100) mutants. The resulting transgenes were dop-1(vs100); 
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pdat-1::ChR2; AVK::DOP-1 (strain ZX2199) and dop-1(vs100); pdat-1::ChR2; DVA::DOP-1 

(strain ZX2200). Cell-specific expression of DOP-1 in AVK could partly rescue the dop-1(vs100) mutant 

phenotype. However, expression of DOP-1 in DVA did not rescue reduced angles for dopamine neuron 

activation.  

 

 

Figure 105: Stimulation of dopaminergic neurons reduces bending behavior partially via DOP-1 in AVK neurons. A) Time-

course analysis of the mean bending angles ±SEM in wild type and lite-1(ce314) animals, expressing pdat-1::ChR2, as well as 

dop-1(vs100) mutants rescued for DOP-1 expression specifically in AVK and DVA. Animals were cultivated with ATR and 

recorded for 30 seconds before and during blue light exposure (1 mW/mm2, 470 nm). Blue bar indicates the illumination period 

(0 to 30 seconds). Significance was calculated for the periods before illumination (-20 to 0 seconds) and during illumination 

(10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending angles ±SEM for the indicated periods and 

genotypes. Significant differences, either to wild type or the no-light condition, are represented as n.s. non-significant, 

* p<0.05 and *** p<0.001. n, number of animals. 

Furthermore, bending behavior was examined in animals lacking the DOP-1 and DOP-3 receptor in the 

DVA neurons, using cell-specific RNAi, resulting in the transgenes pdat-1::ChR2; DVA::DOP-1RNAi 

(strain ZX2105) and pdat-1::ChR2; DVA::DOP-3RNAi (strains ZX1857). Bending angles were significantly 

de- and increased upon dop-1 and dop-3 receptor gene knockdown, respectively (Figure 106 A, B). Still, 

upon dopamine neuron activation, bending angles were significantly reduced. Thus, this behavioral 

effect must occur either via the respective other dopamine receptor, or via dopamine signaling effects 

on AVK. Thus, it cannot be ruled out that DVA, and most likely also AVK, uses the both antagonistic 

D1- and D2 receptor types to regulate bending locomotion.  
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Figure 106: Stimulation of dopaminergic neurons reduces bending behavior independent from DOP-1 and DOP-3 in the DVA 

neuron. A) Time-course analysis of the mean bending angles ±SEM in lite-1(ce314); pdat-1::ChR2 animals and DVA-specific 

knockdown of the dop-1 or dop-3 receptor genes. Animals were cultivated with ATR and recorded for 30 seconds before and 

during blue light exposure (1 mW/mm2, 470 nm). Blue bar indicates the illumination period (0 to 30 seconds). Significance was 

calculated for the periods before illumination (-20 to 0 seconds) and during illumination (10 to 30 seconds), shown in upper 

bars. B) Quantification of the mean bending angles ±SEM for the indicated periods and genotypes. Significant differences, 

either to the lite-1(ce314); pdat-1::ChR2 control or the no-light condition, are represented as ** p<0.01 and *** p<0.001. n, 

number of animals. 

 

5.7.4 Food sensation and dopamine signaling reduces FLP-1 release from AVK neurons 

As already shown in this work, locomotion is altered in the presence of food, causing animals to slow 

down and reduce their dispersal behavior. This behavioral response is partly regulated via AVK 

neurons, as their neuronal function was different in the presence or absence of food. To further 

investigate, if this behavioral switch is mediated by dopamine release on AVK, bending angles were 

monitored for cat-2(e1112) mutants expressing AVK::NpHR (strain 1068). Bending behavior was 

enhanced in animals lacking CAT-2 for proper dopamine synthesis and bending angles were further 

increased upon AVK photoinhibition (Figure 107 A, B). This result suggests that in the absence of 

dopamine, likewise as in the absence of food, bending angles were increased upon AVK 

hyperpolarization to induce local-search behavior.  
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Figure 107: Dopamine signals the presence of food and influences AVK neuronal function on bending locomotion. A) Time-

course analysis of the mean bending angles ±SEM in crawling wild type and cat-2(e1112) mutants, expressing AVK::NpHR. 

Animals were cultivated with ATR and recorded for 30 seconds before and during yellow light exposure (1 mW/mm2, 580 nm). 

Yellow bar indicates the illumination period (0 to 30 seconds). Significance was calculated for the periods before illumination 

(-20 to 0 seconds) and during illumination (10 to 30 seconds), shown in upper bars. B) Quantification of the mean bending 

angles ±SEM for the indicated periods and genotypes. Significant differences, either to wild type or the no-light condition, are 

represented as *** p<0.001. n, number of animals. 

If the presence of food inhibits AVK to induce behavioral switches, we would also expect a change in 

FLP-1::mCherry signaling. Indeed, f animals were starved for 1 hour, the FLP-1::mCherry fluorescence 

intensity was significantly increased in the first two anterior coelomocytes, in the AVK cell bodies and 

in the AVK axons (Figure 108 A). To further investigate the influence of dopamine signaling on FLP-1 

transmission from AVK, animals expressing AVK::FLP-1mCherry in the cat-2(e1112) mutant 

background, were examined as well. In the absence of dopamine signaling, more FLP-1 was secreted 

and FLP-1::mCherry fluorescence levels were enhanced in the coelomocytes, whereas fluorescence 

signals were not altered in AVK cell bodies and axons (Figure 108 B). Thus, the presence of food and 

dopamine signaling cause an inhibitory state of AVK, which alters FLP-1 peptide signaling to 

downstream motoneurons. 
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Figure 108: AVK neurons release less FLP-1 peptides in the absence of food or dopamine. A) Quantification of mean mCherry 

fluorescence signals ±SEM in wild type, expressing soluble GFP and FLP-1::mCherry specifically in AVK interneurons. A) Animals 

were cultivated with food or starved for 1 hour before image recording. B) Quantification of mean mCherry fluorescence 

signals ±SEM in wild type and cat-2(e1112) mutants. mCherry signals were measured in anterior CCs (1+2), in one AVK cell 

bodies and axons. Fluorescence signals were normalized to the mean mCherry fluorescence in AVK cell bodies of wild type 

with food. Significant differences to wild type with food are represented as n.s., non-significant, * p<0.05, ** p<0.01 and 

*** p<0.001. n, number of animals. 

 

 

 

 

 

 



Discussion 

 

158 
 

6 Discussion 

 

Neuronal networks control complex behavioral strategies and are able to vary their activity, in 

response to diverse environmental conditions, by adopting distinct behavioral states (Fang-Yen et al. 

2010). In higher animals, huge brain systems coordinate the planning of movement, whereas sensory 

systems provide environmental feedback and motor systems execute and fine-tune these instructions 

(Armstrong und Marple-Horvat 1996). In the nematode C. elegans, these functions are carried out by 

a compact nervous system, with a small number of anatomically well characterized neurons (White et 

al. 1986). These neurons are highly interconnected to multitask as part of the sensory, signaling and 

modulatory systems to control the body posture and a variety of behavioral responses (Zhen und 

Samuel 2015). Although researchers of the C. elegans community have made enormous attempts to 

identify neurons controlling these behaviors, there are still functionally undiscovered neuronal circuits 

that regulate complex processes, such as navigation and locomotion strategies. Furthermore, it is 

largely unknown how changes in the environment influence these systems and which are the signaling 

mechanisms underlying the integration of sensory information. In respect to this, the variety of 

neuronal signaling molecules complicates the identification of signaling processes, since most of them 

act independent from classical neuronal synaptic connections. For this reason, the attempt of this work 

was to investigate a neuronal network in C. elegans, involved in the regulation of complex locomotion 

and navigation responses, using state of the art approaches such as rhodopsin-based optogenetics. 

Therefore, it was desired to reveal the function of individual neurons, the signaling molecules and 

processes they use for intercellular communication and the impact of environmental changes on the 

neuronal activity. 

In the nematode C. elegans, locomotion responses are executed by a basal regulatory machinery, 

comprising motoneuron classes of the head ganglia or ventral nerve cord that innervate dorsal and 

ventral muscle cells to modulate body posture, undulatory body waves and forward or backward 

locomotion (Gray et al. 2005; Zhen und Samuel 2015). They are instructed by command interneurons, 

which integrate sensory information from head and body, in order to respond to environmental cues. 

There are more complex behavioral switches and navigation processes that are controlled by distinct 

head moto- and interneurons (Gray et al. 2005; Iino und Yoshida 2009). In the research group of Prof. 

A. Gottschalk, optogenetic tools are engineered and applied, to functionally characterize neuronal 

circuits in C. elegans. In previous research projects, microbial opsins were expressed in neurons of 

interest and a change in their neuronal activity related to locomotory behavior. Thereby, the 

interneuron pair AVK attracted attention, as acute hyperpolarization using NpHR revealed drastic 
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changes in locomotion patterns of freely moving animals (Oranth et al. 2018). Thus, the AVK 

interneurons are possible candidates regulating complex behavioral states and desirable for further 

investigation. So far, little was known about their function, for instance, which sensory input they 

receive and the signal transduction pathway they use to address other layers of inter- or motoneurons. 

The AVK interneurons AVKL and AVKR are located in the head ganglia, whereas their axons make a full 

loop around the nerve ring and are extended throughout the ventral nerve cord to the tail of the animal 

(Figure 35). AVK neurons express the FLP-1 FMRFamide-like neuropeptides as signaling molecule and 

a recent study has implicated AVK’ role in the navigation of oxygen gradients and regulation of 

locomotion turns (Hums et al. 2016). AVK neurons receive extensive synaptic input from PDE neurons, 

however it is unknown, if AVK may affect locomotion downstream of dopaminergic signaling and 

mediate food-related locomotory behavioral responses. 

 

6.1 Inhibition, but not stimulation, of AVK neurons affects locomotion behavior 

The application of optogenetic techniques comprises several major tasks. First, the selection of the 

ideal opsin protein for the demanded scientific applications and a sufficient expression of these 

proteins has to be subjected to the cell of interest. Furthermore, techniques for precisely timed light 

application with appropriate wavelength and intensity to specific regions and cells of the nervous 

system, have to be adapted. Last, the optical control needs to be coupled to compatible readouts, such 

as genetically encoded activity indicators or quantitative behavioral analysis (Yizhar et al. 2011; 

Deisseroth 2015). To characterize the role of AVK neurons in food-dependent locomotory behavior, 

the microbial opsin NpHR was expressed exclusively in AVK using a truncated version of the pflp-1 

promotor (Figure 35). Expression levels of NpHR were sufficient to inhibit AVK interneurons and 

robustly alter locomotion in the presence of ATR, using yellow light at 580 nm. Thereby, sustained 

illumination periods of 30 seconds at light intensities between 1-3 mW/mm² did not induce 

photophobic responses (compare Figure 36 A, B and 37 A, B). Higher intensities at minimum 

4 mW/mm² induced negative phototaxis behavior in wild type animals, raised without ATR and 

unfunctional NpHR, characterized by the initiation of abrupt pauses and reversal states during forward 

locomotion. Similar observations were reported previously, where high intensities of green light at 

550 nm wavelength induced escape responses in uncoordinated and paralyzed unc-31(n1304) mutants 

(Edwards et al. 2008). One explanation for the occurrence of phototaxis can be the fact that prolonged 

illumination with green light at high intensities enhances temperature levels and C. elegans is known 

to perform defined heat avoidance responses (Wittenburg und Baumeister 1999). However, these 

avoidance effects are suggested to be independent from temperature changes induced by high 

intensities of green light (Edwards et al. 2008). In this study, the activation of optogenetic tools with 



Discussion 

 

160 
 

different wavelength and intensities was performed using an HBO mercury lamp complemented with 

different filter sets. The possibility cannot be ruled out that these filters are slightly permeable for blue 

light at 470 nm and intensities of 4 mW/mm² are enough to trigger LITE-1 activation and possibly 

induces photophobic responses (Edwards et al. 2008). Striking is also the fact that overexpression of 

NpHR in AVK interneurons per se could have an impact on the neuron’s activity and led infrequent to 

unspecific locomotion responses, e.g. increased locomotion rates compared to wild type 

(Figure 42 A-C). Several studies have mentioned limitations for the usage of NpHR as optogenetic tool. 

Either high expression levels in combination with strong promoters are needed to exhibit large 

photocurrents, or the application of yellow light with high intensities of up to 10 mW/mm2 is needed 

(Husson et al. 2012). Furthermore, the expression of heterologous membrane proteins can lead to 

incomplete protein folding, assembly and trafficking, and NpHR has been shown to form intracellular 

aggregates in mammalian cells that could cause toxicity (Gradinaru et al. 2007; Gradinaru et al. 2008). 

In this study it can be assumed that we have high expression levels of NpHR in AVK neurons using the 

promotor pflp-1. Robust NpHR::eCFP expression could be verified in the plasma membrane of AVK cells 

using confocal microscopy and low intensities of about 1 mW/mm² yellow light were already sufficient 

to trigger a strong hyperpolarization of AVK interneurons (Figure 35 A, B and 36 A, B). Even though we 

have implemented a robust working optogenetic tool which induces a specific and significant 

alteration in locomotion responses, it cannot be excluded that the enhanced overexpression of NpHR 

may has an impact on the membrane integrity and ion permeability, most likely causing a change in 

the membrane potential and AVK neuronal activity. 

As already mentioned, C. elegans moves forward with continuous sinusoidal bending waves, 

propagating from head to tail. Upon acute AVK::NpHR photoinhibition, bending angles were 

significantly increased with a dorsal bias, induced by an enhanced bending of the head region 

(Figure 39 B, C). At first sight this could suggest that AVK is likely to affect a central pattern generator 

for forward movement directly, or even to constitute a component of such a system, to trigger the 

start of bending waves in the head, propagating along the body (Gray et al. 2005; Wen et al. 2012). 

However, first attempts of calcium imaging in AVK interneurons did not confirm rhythmic calcium 

dependent activity that could be correlated to spontaneous body bending events (Dr. S. Wabnig, 

personal communication). Similar observations have been reported by Hums et al., where a rhythmic 

activity of AVK neurons was not verified as well (Hums et al. 2016). Thus, it is more likely that AVK 

affects downstream head and neck motoneurons and muscle cells as potential central pattern 

generators to execute distinct locomotion patterns. In fact, AVK is highly connected to SMB head 

motoneurons and calcium imaging revealed AVK to typically inhibit these neurons. Consequently, upon 

AVK photoinhibition, the SMB neurons get active to induce and enhance body bending (Figure 92 A, B). 

Moreover, increased bending angles persisted during the constant illumination period and returned to 
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initial levels within approximately 5 seconds, after the light was turned off (Figure 38). With respect to 

this, AVK is most likely tonically active to release FLP-1 neuropeptides that scale down specific brain 

states, as a response to sensory input about changes in environmental cues. These findings are 

additionally confirmed by the fact that AVK activation using ChR2 did not alter crawling behavior 

(Figure 51 A, B). However, it cannot be excluded, that AVK acts as a stretch-sensitive and 

proprioceptive neuron, as already indicated for the DVA and DVC interneurons via the TRP-4 

mechanosensitive channel (Li et al. 2006). Yet, mRNA profiling of AVK could not confirm an 

upregulation of the trp-4 gene. However the trp-2 gene, coding for another mechanosensitive TRP 

channel and is maybe responsible for proprioception in AVK (see mRNA profiling data for further 

information). Furthermore, AVK photoinhibition did significantly reduce undulatory motion during 

swimming as well (Figure 52 A, B). The generation of body bends during swimming and crawling 

locomotion are suggested to be controlled by proprioceptive feedback and are qualitatively different 

in their kinematics and pattern of muscle activity (Butler et al. 2015; Pierce-Shimomura et al. 2008). 

Thus, it would be desirable to investigate if AVK modulates swimming and crawling behavior via the 

same set of downstream inter- and motoneurons and signaling components (Berri et al. 2009). 

 

6.2 Food availability alters locomotion behavior via the AVK neurons 

C. elegans adjusts its locomotion strategy according to the availability of food. To examine and 

characterize the different food-related behavioral states, wild type animals were analyzed during 

crawling in the presence and absence of a bacterial food lawn. As already indicated, animals initiated 

a dwelling behavior in the presence of food, in order to stay close to their starting point, performing 

irregular locomotion, with a high frequency of pauses, reversals and directional changes (Figure 43-45) 

(Sawin et al. 2000). This locomotion strategy was not altered upon food removal for 2 minutes and 

animals exhibited a behavior indicated as local-search, most probably by still remembering the initial 

presence of a food source (Hills et al. 2004; Gray et al. 2005). After unsuccessful food search of 

15 minutes, animals exhibited long runs with reduced pauses, reversals and turnings, increasing their 

maximal distance indicated as dispersal behavior. Interestingly, this traveling behavior is already 

initiated after approximately 10 minutes without food and not as previously described after 30 minutes 

(Hills et al. 2004). Considering the animal’s velocity during crawling in the presence of food, there were 

no remarkable differences detected. Thus, wild type animals on food did not slow down in the 

presence of food as already described (Sawin et al. 2000). In fact, low-activity states are frequently 

interrupted by high speed movement, indicated as roaming behavior, which may increase the average 

velocity during 120 seconds of crawling on a food lawn (Ben Arous et al. 2009; Flavell et al. 2013). 

Although there are no obvious differences in locomotion strategies during dwelling and local-search 



Discussion 

 

162 
 

behavior, they differ in the extent of sinusoidal movement. Right after the removal from food, bending 

angles of wild type animals were significantly increased during local-search behavior, as already 

reported by Bhattacharya et al., who observed an increased body bend amplitude in the absence of 

food (Bhattacharya et al. 2014). Consequently, there must be different mechanisms by which food 

sensing influences directional changes or turning frequencies and sinusoidal movement. In C. elegans, 

changes in food availability are gathered by sensory systems, recognizing olfactory and gustatory cues, 

oxygen levels and mechanical stimuli (Sawin et al. 2000; Bargmann 2006; Zimmer et al. 2009) 

(Figure 109). 

 

 

Figure 109: Food sensation modulates locomotion behavior via different sensory neurons. Model overview of a simplified 

neuronal network mediating food responses and changes in locomotion. The presence of food activates the chemosensory 

neurons AWC and ASK, the oxygen sensor BAG and the mechanosensory neurons PDE. They relay information via TAX-4 

(chemosensors), dopamine (DA; mechanosensors) and neuropeptides (FLP-1 and NLP-12) through interneurons to innervate 

motor systems. Signaling pathways are depicted as arrows, whereas sensory neurons are indicated as triangles and 

interneurons as hexagons. Image adapted from Oranth et al. 2018. 

The detection of bacterial odors is mediated through the AWC and ASK sensory neurons, whereas BAG 

neurons sense a bacteria-dependent drop in oxygen and signal indirectly to AVK via the RIG 

interneurons (Hums et al. 2016). In contrast, the dopaminergic neurons are mechanically stimulated 

by the bacterial texture and signal to a variety of moto- and interneurons. Probably, this complex 

interaction of chemo- and mechanosensation influences the different locomotion strategies in the 

presence and absence of food. Several sensory neurons express the cyclic GMP-gated cation channel 

TAX-4/TAX-2, which is required for their function. Mutants for the tax-4 gene are defective in 

chemotaxis, but not in mechanosensation (Bargmann 2006). Interestingly, tax-4(ks11) mutants show 
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enhanced dwelling behavior and a significant reduced velocity, compared to wild type, and they 

dispersed already after 2 minutes off food, indicated by an increase in the traveling distance 

(Figure 43- 45). Thus, animals react more strongly to the presence and absence of mechanical 

stimulation caused by food cues, if chemosensation is abolished or reduced. Those effects are likely 

mediated by the fine tuning of TRP-4 channel activation, which is highly enriched in dopaminergic 

neurons and required for the food mediated slowing response (Li et al. 2006). In tax-4(ks11) mutants, 

bending angles were reduced on a basal level and not altered if food was absent for 2 minutes 

(Figure 44 D). Accordingly, the strong increase in bending movement after direct food removal was 

initiated by chemosensation, most likely by the AWC olfactory and ASK gustatory neurons (Gray et al. 

2005). After 15 minutes off food, tax-4(ks11) mutants exhibit a significant increase in bending 

behavior, which was likely mediated by mechanosensory neurons. Hence, it would be of great interest 

to determine if changes in environmental conditions, such as food availability, are capable to alter AVK 

neuronal activity to induce a dwelling-like behavioral state. 

In the absence of food, AVK neurons did not only regulate body posture and the extent of sinusoidal 

movement, but rather complex locomotory behavioral responses and navigation strategies. Upon AVK 

inhibition using NpHR, animals reduced dispersal by crawling smaller distances and performed slower 

and less directional movement with high frequent turns and pause states (Figure 47-50). These 

behavioral characteristics have already been observed during food-induced dwelling behavior. 

Moreover, bending angles were significantly increased, similar as during the local-search behavior 

(Figure 48 D). Thus, during this work it was of great interest to determine if changes in environmental 

conditions, such as food availability, are capable to alter AVK neuronal activity to induce a dwelling-

like behavioral state. In the presence of food and AVK photoinhibition, animals were not capable to 

reduce their crawling distance or velocity, and bending angles were no longer raised (Figure 48 A-D). 

Other parameters, such as reversal and pause states, were unaffected as well (Figure 50 A, B). All these 

findings lead to the assumption that the presence of food has inhibiting effects on AVK’s functionality, 

whereas in the absence of food AVK is likely to be active. In fact, AVK stimulation using ChR2 only 

altered locomotion behavior and bending angle in the presence of food, while AVK is inhibited 

(Figure 51 A, B). But why does AVK inhibition by optogenetics increases bending angles, while 

inhibition of AVK by food decreases bending behavior. This is still unclear, most probably mediated by 

the interaction of mechanical stimulation and chemosensation from different sensory neurons to other 

parallel acting downstream neurons, which cannot be recapitulated by AVK-specific optogenetic 

manipulation.  

Animals exposed to liquid, supplemented with food, did vary their swimming behavior as well. They 

slowed down and moved with lower swimming frequency and these effects were not further enhanced 
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during AVK::NpHR inhibition (Figure 52 B). Thus, the presence of food and AVK inhibition alters 

swimming behavior, in line with a slowing of locomotion during crawling on a food lawn. In sum, it can 

be concluded that AVK neurons mediate the food response by affecting bending angles and dispersal. 

 

6.3 AVK neurons release FLP-1 peptides to affect locomotion by chemical transmission 

AVK interneurons are coupled directly to a variety of motoneurons by gap junctions or chemical 

synapses to possibly control locomotion processes (Figure 113). The absence of AVK neurons, either 

by photoinhibition or ablation using ICE and the minimal singlet oxygen generator miniSOG, limited 

locomotion behavior and an increased extent of body bending were observed (Figure 89 A, B and 

Figure 98 A, B) (Oranth et al. 2018). This behavioral response was also reported when chemical 

transmission from AVK was disrupted by expressing tetanus toxin which blocks neurotransmitter 

release (Schiavo et al. 1992; Thornberry 1997; Xu und Chisholm 2016, 2016; Oranth et al. 2018). 

Consequently, AVK is likely to release a transmitter to promote dispersal behavior and chemical 

transmission, rather than using gap junction signaling to mediate the observed bending phenotype. 

However, the signaling pathways by which AVK regulates these behavioral responses are widely 

unknow.  

Yet, AVK is known to secrete FMRFamide-like neuropeptides encoded by flp-1 to modulate the activity 

of other neurons (Nelson 1998; Hums et al. 2016). In this work, independent mRNA profiling of AVK 

revealed flp-1 as one of the genes with the highest expression and distribution in AVK (Figure 53). FLP-1 

is expressed exclusively in head interneurons including AIA, AIY, AVA, AVE, AVK, RIG, RMG and M5, 

where it is not co-expressed with any other neuropeptide of the FMRFamide-like family, speaking for 

a unique modulatory function of FLP-1 (Nelson 1998; Li et al. 1999).  

Thus, FLP-1 neuropeptides can play a key role in the regulation of locomotion by AVK and were 

therefore worthwhile to investigate. Loss-of-function mutation of the flp-1 gene in C. elegans have 

been reported to cause uncoordinated movement and have a phenotype showing exaggerated and 

pronounced waveforms (Nelson 1998; Li et al. 1999). In fact, flp-1(yn4) mutants showed an increased 

bending phenotype, compared to wild type, as well as lower swimming rates (Figure 54 A, B and 58). 

These results confirm the previous findings that FLP-1 is important to regulate locomotion behavior 

(Chang et al. 2015; Buntschuh et al. 2018). Moreover, expression of a FLP-1 wild type copy in AVK could 

rescue the enhanced bending phenotype, leading to a shallow waveform (Figure 54 A, B). AVK::NpHR 

inhibition in the flp-1(yn4) mutant did not increase bending behavior upon yellow light application and 

cell-specific knockdown of the flp-1 gene in AVK using RNA interference phenocopied flp-1(yn4) 

mutant behavioral effects (Oranth et al. 2018). Consequently, FLP-1 neuropeptides function 
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specifically in AVK interneurons to control locomotion and after a prolonged period without food, AVK 

likely releases FLP-1 peptides to reduce bending and promote dispersal behavior. Sinusoidal 

movement was not increased upon removal from food, as seen for wild type animals and FLP-1 is 

therefore likely to be involved in the navigation in response to the absence or presence of food signals 

(Figure 54 C). These findings are in line with other studies, in which flp-1 mutants exposed to food were 

not able to perform dwelling behavior and were rather hyperactive, wandering off the food source (Li 

et al. 1999; Buntschuh et al. 2018). The authors furthermore mentioned that the flp-1 gene lies in the 

first intron of the daf-10 gene and the flp-1(yn4) deletion allele also comprises parts of daf-10 

(Buntschuh et al. 2018). daf-10 encodes a component of the intra-flagellar transport complex A and is 

therefore involved in the transport mechanisms in the cilia of amphid and phasmid sensory neurons. 

However, daf-10 mutants did not show the wandering phenotype in the presence of food, compared 

to flp-1 mutants (Buntschuh et al. 2018). In this work, other flp-1 mutants, which did not affect the 

daf-10 gene, showed similar locomotion phenotypes as the already described ones for the flp-1(yn4) 

allele (Figure 56 A, B). Hence, FLP-1 peptides are important to regulate crawling behavior, independent 

from DAF-10. However, it cannot be excluded that some genetic interaction between flp-1 and daf-10 

masks the flp-1 single mutant phenotype, as bending angles of the daf-10(tm2878) mutants were not 

increased during AVK inhibition, using NpHR (Figure 57 A, B). Furthermore, the mRNA profile revealed 

daf-10 to be enriched in AVK neurons (see mRNA profiling data, for further information). Besides flp-1, 

this gene seems to be important for the regulation of swimming behavior, as daf-10(tm2878) mutant 

animals showed a most severe reduction in swimming rates, compared to other flp-1 mutants 

(Figure 58). Thus, it cannot be excluded that there is a genetically interaction between daf-10 and flp-1, 

influencing swimming behavior. 

As already indicated, behavioral effects during acute AVK::NpHR photoinhibition were resumed within 

approximately 5 seconds, after the light was turned off. Thus, FLP-1 may be tonically released by AVK, 

which can be acutely and reversibly inhibited to elicit long-term modulation of locomotion. 

Neuropeptides released to the pseudocoelom are endocytosed by coelomocytes, which are scavenger 

cells, taking up fluids from the pseudocoelom (Fares und Greenwald 2001). mCherry-tagged FLP-1 

precursor proteins, expressed in AVK, were not exclusively found in the AVK cell bodies and axons, but 

rather in the six coelomocytes (Figure 60). FLP-1::mCherry fusion proteins are packed in dense core 

vesicles, where they are processed into active neuropeptides and soluble mCherry proteins. The CAPS 

protein UNC-31 is essential for the secretion of dense core vesicles (Speese et al. 2007; Sasidharan et 

al. 2012). Accordingly, reduced mCherry fluorescence intensities were detected in CCs of the 

unc-31(n1304) mutant. In agreement, a mutation of unc-31 caused an accumulation of neuropeptide 

containing dense core vesicles in the AVK cell bodies and axons (sFigure 61 A). Furthermore, the 

mobility and trafficking of dense core vesicles containing FLP-1::mCherry was analyzed during 
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AVK::NpHR photoinhibition. Most of the dense core vesicle movement was observed in the proximal 

part of AVK axons, reaching the nerve ring, where most of the AVK synapses are present. By that, AVK 

forms direct connections to head motoneurons such as SMB, which express the low affinity FLP-1 

receptor NPR-6 and are preferentially addressed by FLP-1 peptides released from AVK to the synaptic 

cleft. Nevertheless, AVK extend its process to the tail of the animal, where it is able to access neurons 

in its close vicinity by signaling with high concentrations of FLP-1 peptides to the NPR-6 receptor. 

Thereby, AVK can reach neurons by volume transmission without having direct synaptic connectivity, 

as suggested for the VC neurons. AVK forms synapses to PDE neurons which are distributed on the mid 

body ventral side and at the distal end of the AVK axon, to receive information about environmental 

cues and food availability (data available at wormwiring.org). AVK::NpHR animals treated with or 

without ATR, both show dense core vesicle movement in antero- and retrograde direction during 

yellow light exposure, whereas the number of moving dense core vesicle particles did not differ 

between both conditions (Figure 110). Furthermore, the retrograde trafficking of particles was faster 

than the movement in anterograde direction. Thus, FLP-1::mCherry containing dense core vesicles are 

in constant movement, suggesting an continuously secretion of FLP-1 from AVK via dense core vesicles. 

 

 A                                                                                  B                               C 

 

Figure 110: FLP-1-containing dense core vesicle mobility and trafficking in AVK neurons. A) Time-lapse fluorescence imaging 

of FLP-1::mCherry containing dense core vesicles in AVK::NpHR animals, treated with or without ATR and illuminated for 

180 seconds (1 mW/mm², 580 nm). Fluorescence image of FLP-1::mCherry in AVK cell body and axon (upper panels). A line 

(red) was drawn along the axon, starting at the cell body reaching the nerve ring, from which line scan kymographs were 

generated (middle panels). Trajectories of each dense core vesicle were traced (red) and analyzed for antero- and retrograde 

movement and velocity (lower panel). B, C) Quantification of FLP-1::mCherry puncta and trafficking during 120 seconds 

illumination. Fluorescent particles per cell were counted for antero- and retrograde trafficking, in AVK::NpHR animals treated 

with or without ATR. Trafficking velocities were analyzed per track sequence derived from image A lower panels. Bart chart 

represents means ±SEM and significant differences were calculated the no-ATR condition, represented as n.s., non-significant 
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and * p<0.05. n, number of animals (B) and number of track sequences analyzed (C). Fluorescence recording and analysis were 

performed with the help of Dr. S. Wabnig and Prof. A. Gottschalk. Image adapted from Oranth et al. 2018. 

The combination of this approach with optogenetics was proved to be difficult. First, the inhibition of 

AVK using NpHR and illumination with yellow light led to a bleaching of mCherry fluorescent signals in 

AVK cell bodies, axons and CCs with the same extent. The reduction in fluorescence levels were unlikely 

caused by reduced FLP-1::mCherry release or synthesis, since co-expressed cytosolic GFP in AVK cell 

bodies and axons were reduced as well. The fact that yellow light intensities could not be further 

reduced than 0.3 mW/mm2 to ensure proper NpHR activation and AVK photoinhibition restricted 

optogenetic applications. Moreover, mCherry has a half-life of approximately 40 minutes (Merzlyak et 

al. 2007). Thus, before fluorescent levels can be reduced in the CCs, accumulated proteins need to be 

degraded first, which requires a prolonged inhibition period of AVK. Alternatively, the histamine-gated 

chloride channel HisCl1 was chosen as a light-independent tool for neuronal inhibition and upon 1 hour 

histamine exposure, FLP-1::mCherry levels were significantly reduced in the CCs and AVK axons (Pokala 

et al. 2014). Hence, FLP-1 peptide release is likely reduced during persistent AVK inhibition, using 

HisCl1. In this study, the expression of HisCl1 specifically in AVK and histamine treatment was sufficient 

to inhibit the interneurons and increase bending behavior (Figure 63 A, B). However, overexpression 

of HisCl1 had non-specific effects on AVK neuronal activity, as locomotion was already altered without 

histamine treatment. It has been shown that heteromeric HisCl channels are spontaneously active or 

activated by endogenous C. elegans ligands, such as GABA, causing a slower basal locomotion speed 

(Gisselmann et al. 2004; Pokala et al. 2014). Furthermore, as HisCl1 is a passive chloride channel, it can 

be influenced by changes in intracellular chloride concentrations and AVK’s membrane potential. Thus, 

a partially activation of HisCl1 already induces an influx of chloride ions which enables a reduction of 

the membrane potential or possibly can also influence other channels and pumps. Several recent 

studies have demonstrated that synaptic exocytosis events can be visualized using the fluorescent 

probe phluorin, a pH-sensitive GFP variant, which can be co-expressed with membrane proteins of the 

dense core vesicles or proteins of the exocytosis machinery (Miesenböck et al. 1998; Dittman und 

Kaplan 2006; Laurent et al. 2018). Phluorin targeted to the luminal domain of synaptic proteins are 

exposed to acid pH conditions of about 5.5, at which phluorin exhibits reduced fluorescence levels. 

Upon vesicle fusion to the plasma membrane, phluorin is exposed to the neutral extracellular pH of 

about 7.4, resulting in a strong fluorescence increase. After endocytosis and re-acidification, the 

fluorescence is subsequently quenched (Ventimiglia und Bargmann 2017; Kavalali und Jorgensen 2014; 

Balaji und Ryan 2007). Thus, dense core vesicle fusion events, as well as the precise localization of their 

releasing site, may be identified for the AVK neurons. Interestingly, first experimental attempts could 

give evidence that phluorin can be co-expressed with FLP-1 peptides in dense core vesicles of the AVK 

interneurons (B. Jánosi, personal communication). However, neuropeptide concentrations at releasing 
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sites must be high enough to detect fluorescence changes and fast diffusion after dense core vesicle 

exocytosis could possibly reduce fluorescence signals caused by phluorin.  

FLP-1 neuropeptides have been suggested to suppress overexcitation of the locomotor circuit by acting 

on GABAergic neurotransmission and a role of the flp-1 gene in modulation of cholinergic NMJ 

signaling was previously reported (Stawicki et al. 2013; Sieburth et al. 2005). In this work, the flp-1(yn4) 

mutant showed resistance to aldicarb, caused by reduced ACh release and decreased levels of general 

synaptic transmission (Figure 59). This observation can possibly be explained by the regulatory balance 

between excitatory cholinergic and inhibitory GABAergic input on muscle cells (Vashlishan et al. 2008). 

Thereby, GABA antagonizes the action of ACh and therefore GABA levels may contribute to aldicarb 

resistant phenotypes as well (Mullen et al. 2006). Thus, it is not clear if continuously release of FLP-1 

peptides affects transmission on cholinergic or GABAergic motoneurons to induce sinusoidal 

movement by contralateral muscle contraction and relaxation. It would be desirable to apply other 

drug tests to analyze GABA transmission at the NMJ, e.g. pentylenetetrazole (PTZ) a GABAA receptor 

antagonist (Williams et al. 2004). Another previous study suggests aldicarb to induce presynaptic 

potential, which can possibly account for the aldicarb resistant phenotype of flp-1 (Hu et al. 2011). The 

authors confirmed that aldicarb stimulates DVA neurons to release NLP-12 neuropeptides, leading to 

a potentiation of cholinergic transmission and paralysis. Thus, FLP-1 release from AVK is maybe also 

upregulated by aldicarb exposure, as seen for NLP-12. 

Electrophysiological measurements at muscle cells of the NMJ in flp-1 mutants could give evidence 

about whether FLP-1 peptides can regulate excitatory or inhibitory neurotransmission. In contrast to 

the result of the aldicarb pharmacological assay, FLP-1 neuropeptides, in combination with FLP-18, 

have been reported to primarily influence GABAergic transmission, indicated by increased inhibitory 

post synaptic currents (IPSCs) (Stawicki et al. 2013). Additionally, it has to be taken into account that 

the knock-out of flp-1 was not specifically restricted to AVK interneurons and a variety of FLP-1 

receptors may be present in different cell types. Hence, findings reported in pharmacological and 

electrophysiological assay at that time, are not specific enough to determine the role of FLP-1 release 

from AVK neurons in affecting NMJ signaling.  

 

6.4 Neuropeptide signaling requires G protein-coupled receptors  

C. elegans neuropeptides are known to preferentially bind to and activate GPCRs. In this work, 

potential receptor candidates for FLP-1 peptides were screened for changes in bending behavior upon 

AVK photoinhibition. Other studies already showed that the receptor CKR-2 is strongly activated by 

the NLP-12 peptides, released by the DVA interneurons and weakly by the FLP-1 peptides (Janssen et 
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al. 2008; Hu et al. 2011; Hums et al. 2016). However, bending angles in ckr-2(tm3082) mutants were 

still increased during AVK::NpHR inhibition, excluding CKR-2 to be a receptor addressed by FLP-1 

released from AVK interneurons (Oranth et al. 2018). The receptor NPR-1 from the plathelminth 

Girardia tigrina (GtNPR-1) has been predicted to respond to FLP-1 peptides as well (Omar et al. 2007). 

Again, bending angles were also not affected in the C. elegans npr-1(ad609) mutant (Oranth et al. 

2018). The C. elegans receptors NPR-3 and NPR-6 had the highest amino acid sequence homology the 

GtNPR-1, but npr-3(tm1583) and npr-6(tm1497) mutants showed no alteration in bending behavior, 

compared to wild type (Figure 66-68). Mutation of the npr-2 gene had previously been reported to 

alter sinusoidal movement and bending amplitude (Yemini et al. 2013). And indeed, the npr-2(ok419) 

mutant performed reduced bending behavior (Figure 67 A, B). However, npr-2(ok419) mutants still had 

elevated bending angles upon AVK inhibition, rejecting them as FLP-1 receptor candidates. In contrast, 

npr-3(tm1583) mutants showed minor and npr-6(tm1497) or npr-6(tm1497); npr-3(tm1583) double 

mutants no significant reaction in bending behavior to AVK photoinhibition (Figure 67, 68 and 70). 

These results suggest NPR-6 to be addressed by FLP-1 peptides downstream of AVK. In addition, 

npr-6(tm1497) mutants did not respond to changes in food availability and bending angles were not 

altered (Figure 69). Thus, AVK most likely mediate food effects by releasing FLP-1 neuropeptides, 

sensed by the receptor NPR-6 to regulate dwelling or local search behavior.  

 

6.4.1 FLP-1 peptides activate NPR-6 and FRPR-7 receptors with different efficiencies  

Yet, one may expect overall increased bending angles in the absence of the FLP-1 receptor, which was 

not the case for npr-6(tm1497). Thus, other neuropeptide receptors may contribute to FLP-1 effects, 

maybe together with NPR-6. In vitro investigation of GPCR and neuropeptide ligands, using a 

bioluminescence assay, revealed NPR-6 to be activated by FLP-1 peptides, however with low potency 

(Figure 111 A) (Oranth et al. 2018).  
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Figure 111: FLP-1 peptides are detected by NPR-6 and FRPR-7 receptors with different potencies. Aequorin bioluminescence 

(indicated as % baseline) of CHO cells expressing G16 and NPR-6 or FRPR-7 in response to different concentrations of FLP-1 

peptides #1-7 (A) or FLP-1 peptide #6 (indicated as log[M]) (B). Number of experiments for each peptide, N=4-5 (A) and 4-6 

(NPR-6) and 6-10 (FRPR-7) (B). Bioluminescence recording and analysis were performed by Dr. I. Beets. Image adapted from 

(Oranth et al. 2018). 

Application of FLP-1 peptides with concentrations of 10-100 µM were needed to evoke other high-

affinity neuropeptide responses, while receptors had been reported to be already activated by peptide 

concentrations of 10-100 nM in this assay (Janssen et al. 2008). However, in vivo, such high 

neuropeptide concentrations are likely to be reached only in the synaptic cleft, which on the other 

hand provides specificity of NPR-6 for FLP-1 peptides at AVK’s synapses.  

In this work, FRPR-7 was a much more potent receptor for FLP-1 peptides than the NPR-6 receptor, 

which may facilitate volume transmission (Figure 111 B). Yet, mutants for the frpr-7 gene showed 

reduced bending angles, compared to wild type, while AVK inhibition using NpHR still resulted in 

enhanced bending behavior (Figure 73 A, B). Surprisingly, the npr-6(tm1497); frpr-7(gk463846) double 

mutant showed significantly increased bending angles, phenocopying the flp-1(yn4) mutant 

phenotype. In addition, crawling distances and velocities were reduced for both receptor mutants 

(Figure 74-76). It would be desirable to further analyze behavioral phenotypes of the npr-6(tm1497) 

and frpr-7(gk463846) mutants in a context together with AVK inhibition and food application. In sum, 

this could indicate that AVK mediates food responses by releasing various distinct FLP-1-derived 

peptides to activate GPCRs with different affinities and potency.  

npr-6(tm1497) mutants exhibited aldicarb resistance, similar to flp-1(yn4) mutants, which is equivalent 

to decreased levels of cholinergic transmission (Figure 78). This result prompts that FLP-1 is 

continuously released to NPR-6 to affect synaptic transmission at the NMJ. Furthermore, 

npr-6(tm1497) mutants show significantly reduced spontaneous mPSCs, suggesting that NPR-6 may 
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normally up-regulate the NMJ neuron activity (Dr. J. Liewald, personal communication and Figure 112). 

These findings are rather unexpected, since other results in this study indicate continuous FLP-1 

release to inhibit SMB and VC cells postsynaptically to AVK interneurons via the NPR-6 receptor. Thus, 

NPR-6 is likely to has an inhibitory mode of action and npr-6 mutants should have rather increased 

cholinergic transmission. This contradiction can possibly be explained by the fact that NPR-6 likely 

functions with another receptor which contributes to FLP-1 effects and potentiates synaptic 

transmission at the NMJ. In this work, it could be confirmed that NPR-6, together with FRPR-7, are 

responsible for the regulation of bending angles during locomotion (Figure 74 A, B). Since, FRPR-7 likely 

acts in the DVC interneuron to mediate reversal behavior, the loss of NPR-6 promotes binding of FLP-1 

to FRPR-7 with high affinity, may leading to an activation of the DVC neuron and increases downstream 

synaptic transmission at the NMJ. However, the possibility cannot be excluded that there are other 

still undefined FLP-1 receptors expressed in different cell types contributing to NMJ signaling.  
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Figure 112: FLP-1 peptides are detected by the NPR-6 receptor that mediates effects at the NMJ. A) Analysis of the miniature 

postsynaptic currents (mPSCs) at the NMJ in cut C. elegans preparations of wild type, flp-1(yn4) and npr-6(tm1497) mutants. 

B) Group data of mPSC events per second (0.5 second time bins). Bart chart represents means ±SEM and significant differences 

were calculated using two-way ANOVA, represented as *** <p0.001. n, number of animals. Electrophysiological 

measurements and analysis were performed by Dr. J. Liewald, as described in Nagel et al. 2005. 

The receptors NPR-6 and FRPR-7 seem to have a different role in the regulation of swimming behavior 

via AVK and FLP-1. npr-6(tm1497) mutants had normal swimming rates, which were further reduced 

upon AVK::NpHR inhibition, ruling out NPR-6 to be involved in the control of this locomotory behavior. 

On the other hand, frpr-7(gk463846) mutants were not able to follow AVK inhibition and did not 

reduce their swimming rates upon light application (Figure 77). Consequently, the receptor NPR-6 is 

required for FLP-1 effects on bending and crawling locomotion, whereas conversely the receptor 

FRPR-7 mediates FLP-1 effects exclusively on swimming behavior. Interestingly, although it has been 

proposed that swimming and crawling behavior correspond to a single gait, in this study these 
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behaviors are implemented by different signaling pathways and most probably regulated by various 

distinct inter- and motoneurons (Berri et al. 2009). On the other hand, this finding is not surprising, 

since other studies have already implementing swimming to be distinct from crawling in kinematics 

and pattern of muscle activity, forming two fundamental forms of locomotion, rather than a single gait 

behavior (Pierce-Shimomura et al. 2008). 

 

6.5 AVK neurons form a neuronal circuit with downstream motoneurons to regulate 

locomotion and crawling behavior 

AVK interneurons mediate neuropeptide signaling to modulate locomotion depending on food 

availability, either by directly addressing neurons via chemical and electrical synapses or by volume 

transmission. Thereby, AVK is able to reach neurons apart from synaptic connections and within large 

distances, to fine tune the activity of distinct neuronal networks (Li und Kim 2014). However, to 

estimate this properly, the expression pattern of the respective neuropeptide receptors additionally 

has to be known, as shown in this work for the NPR-6 and FRPR-7 receptors. For directly connected 

cells, the anatomical wiring diagram can be consultant to provide more direct guidelines for 

interpretation. Most prominent postsynaptic AVK partners are the RIM, SMD and SMB neurons, with 

9, 4 and 3 synapses, respectively (Figure 113). These are head moto- and interneurons, to which AVK 

could signal directly to affect head and body bending. The RIM moto- and interneurons function in the 

locomotory circuit, where they modulate reversals via AVA and AVB command interneurons and to 

head motoneurons to induce sinusoidal movement (Alkema et al. 2005; Guo et al. 2009; Piggott et al. 

2011). The SMD and SMB motoneurons are involved in the local-search behavior, where SMD regulate 

the turn frequency, amplitude and directionality and SMB sets the amplitude of the sinusoidal 

movement. They receive sensory input from the AWC olfactory and ASK gustatory neurons via the AIB, 

RIB, AIY and AIZ interneurons (Gray et al. 2005). Besides chemical synapses, AVK also forms gap 

junctions to downstream SMB, PVP and RIC motoneurons with 8, 5 and 4 synapses, respectively. The 

PVP interneurons are located in the tail of the animal and send processes through the ventral nerve 

cord to the nerve ring. The interneurons PVP have extensive gap junctions with the O2-sensing neurons 

AQR and with the DVC interneuron and are therefore possibly involved in social feeding behavior, 

where animals aggregate on a bacterial lawn (Coates und de Bono 2002; Laurent et al. 2015). The 

octopaminergic RIC interneurons are involved in the regulation of hyperactivity and roaming behavior 

in food deprived animals. In the absence of food, they are activated by the dopaminergic CEP neurons 

and signal to downstream SIA neurons (Suo et al. 2009; Yoshida et al. 2014). 
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Figure 113: Schematic of the AVK interneurons surrounding connectome. Neurons directly connected to AVK are symbolized 

as hexagons (interneurons), triangles (sensory neurons) and circles (motoneurons). Chemical synapses are indicated by arrows 

and electrical synapses (gap junctions) as lines with circles. The number of synapses is given as numbers or represented by the 

thickness of the arrows and lines. Neurons are group in pre- and postsynaptic to AVK and dependent on their function. 

Synapses not directly involving AVK are shown in blue. Information of synaptic connections were derived from the 

reconstruction of the nervous system from White et al., 1986 and wormweb.org. Image adapted from Oranth et al. 2018.  

 

6.5.1 FLP-1 peptides inhibit motoneurons via the NPR-6 receptor to regulate bending 

behavior and dispersal 

Since AVK regulates behavioral parameters, such as bending angles and dispersal, locomotion has to 

be likely regulated via head or ventral cord motoneurons, to which AVK signals by FLP-1 transmission. 

The expression pattern of pnpr-6::GFP revealed NPR-6 to be located, among others, in the pharyngeal 

neurons I1-6, M1-5, MC and NSM, the sensory neurons ADL, ASH, ASI, ASJ, ASK, and AWB, and in the 

interneurons AIM, ALA, PVP, PVT and RIV. Furthermore, pnpr-6::GFP expression was found in the 

ventral cord VC motoneurons and SMB head motoneurons (Figure 71). The AVK interneurons have no 

direct synaptic connection to pharyngeal neurons, which are not implicated in locomotion control. 

However, pharyngeal pumping is regulated by the availability of food and maybe AVK fine tunes the 

activity of these neurons upon food sensing (Avery und Horvitz 1990). Interestingly, FLP-1-derived 

peptides were previously shown to inhibit pharynx action potentials (Rogers et al. 2001). Other 

neurons expressing NPR-6 are the RIV cells, which are known to control food-related locomotion, 

inhibiting local search behavior upon removal from food (Gray et al. 2005). The sensory neurons ASI 

and ASK are regulating local-search behavior and in this context, AVK could induce omega turns and 

reversals via FLP-1 volume transmission to these sensory neurons (Gray et al. 2005). Also, the sensory 

neurons AWB may be modulated by FLP-1 signaling during food-related behavior responses. NSM 
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neurons signal the presence of food and are known to be involved in the regulation of the enhanced 

slowing response in food-deprived animals upon reencounter of food (Sawin et al. 2000). Interestingly, 

the AIM interneurons, together with the VC and NSM neurons, are the only neurons known to be 

involved in the regulation of swimming behavior (Vidal-Gadea et al. 2011). Therefore, these neurons 

are most likely addressed by AVK and FLP-1 signaling to control swimming frequencies. Particular the 

NSM neurons should be investigated in future approaches, since FRPR-7 neuropeptide receptors are 

also expressed in these neurons and FLP-1 signaling to FRPR-7 is more likely involved in the regulation 

of swimming behavior (Figure 71 and 77). 

Despite of these findings, VC and SMB motoneurons are the only candidates which directly influence 

head and body wall muscle cells to regulate locomotion in different body regions and were therefore 

further investigated during this study (Gray et al. 2005; Wen et al. 2012). The VC neurons (VC1-VC6) 

are distributed along the ventral nerve cord, where their processes form NMJs and innervates vulval 

(VC4 and VC5) and ventral body muscles (VC1-3 and 6) (White et al. 1986). Moreover, they are 

presynaptic to D-type motoneurons and are likely responsible for regulating bidirectional sinusoidal 

movement and are rhythmically active during locomotion (Haspel und O'Donovan 2011; Collins et al. 

2016). In this study, AVK inhibition influenced bending angles along the body, most likely by activating 

VC motoneurons which innervate ventral muscle cells (Figure). Thereby, VC neurons are likely to be 

influenced by AS motoneurons which counteract neurons providing a ventral bias (Tolstenkov et al. 

2018). Interestingly, bending of the anterior head part was increased during AVK photoinhibition with 

a dorsal bias, most probably mediated by the SMB head motoneurons via NPR-6 signaling and gap 

junction connectivity. Indeed, behavioral analysis could indicate NPR-6 to be involved in the regulation 

of bending angles via the VC and SMB motoneurons. The expression of NPR-6 in the VC and SMB 

neurons could induce a light-evoked increase in bending angles during AVK inhibition using NpHR and 

rescue the npr-6(tm1497) mutant phenotype (Figure 72 A, C). Yet, expression of NPR-6 in all cholinergic 

neurons, including SMB and VC, was not able to rescue the npr-6(tm1497) phenotype, as bending 

angles were not altered upon AVK photoinhibition (Figure 72 B, C). Since cholinergic transmission is 

used by a large number of neurons, some of them could antagonize AVK effects on SMB and VC 

neurons. This leads to the conclusion that SMB and VC motoneurons directly mediate AVK neuronal 

function on locomotion via FLP-1 and NPR-6 signaling. Moreover, calcium imaging experiments for VC 

neurons and SMB neurons showed increased GCaMP fluorescence levels upon AVK inhibition (Figure 

92 A, B and 114 A, B). These responses are mediated by FLP-1 release, since npr-6(tm1497) mutants 

exhibit no increased calcium levels in VC and minor reduced levels in SMB neurons during light-evoked 

AVK inhibition. Additionally, NPR-6 expression in VC neurons rescued the npr-6(tm1497) mutant effect 

and calcium levels were enhanced. Consequently, VC and SMB neurons get inhibited by AVK and 

ongoing FLP-1/NPR-6 signaling. This is consistent with the assumption that neuropeptides from the 
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FRMF-like family regulate behavioral responses by inhibiting neuronal circuit activity (Kim und Li 2004; 

Stawicki et al. 2013). In line with these observations, optogenetic stimulation of VC and SMB neurons 

using ChR2, was sufficient to increase bending behavior (Oranth et al. 2018). Thus, photoinhibition of 

AVK caused disinhibition of VC and SMB neurons, in order to induce a local-search related locomotory 

behavior.  
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Figure 114: VC neurons are inhibited by FLP-1 and NPR-6 signaling to affect locomotion. A) Time-course analysis of GCaMP6 

fluorescent levels ±SEM in wild type and npr-6(tm1497) mutants, expressing NPR-6 in VC neurons, together with AVK::NpHR 

and SMB::GCaMP6. Animals were cultivated with or without ATR and recorded for 10 seconds before and 25 seconds during 

yellow light exposure (0.6-1.2 mW/mm2, 580 nm). Yellow bar indicates the illumination period (0 to 25 seconds). Calcium-

induced changes in fluorescence levels are indicated as ΔR/R0. Significance was calculated for mean fluorescence levels during 

the periods before illumination (0 to 10 seconds) and during illumination (10 to 25 seconds), shown in lower bars. 

B) Quantification of the mean GCaMP6 fluorescence levels ±SEM for the indicated periods and genotypes. Significant 

differences are represented as * P<0.05 and ** P<0.01. n, number of animals. Fluorescence recording and analyses were 

performed by Dr. Oleg Tolstenkov and with the help of Prof. A. Gottschalk. Image adapted from Oranth et al. 2018. 

AVK interneurons share extensive electrical synapses with the SMB head motoneurons. As an 

additional proof for gap junction formation in AVK, the mRNA profile revealed upregulated genes for 

innexin unc-7 and unc-9 specifically for AVK (Figure 53). Moreover, the innexin UNC-7 protein is highly 

expressed in the SMB motoneurons (Altun et al. 2009). AVK specific knockdown of the unc-7 gene 

using RNA interference led to enhanced bending angles, indicating that an electrical continuum is 

required for proper AVK function. Interestingly, the innexins UNC-7 and UNC-9 are highly enriched in 

VC neurons and they are interconnected with gap junctions and likely coactive (Altun et al. 2009). 

Hence, gap junction formation in these neurons could possibly be necessary for the implementation 

and propagation of sinusoidal movement along the body, e.g. to counteract the asymmetric activation 

of muscle cells from the dorsally innervating AS motor neurons (Tolstenkov et al. 2018). In this study, 

bending angles were increased upon AVK photoinhibition in unc-7 knockdown animals and remained 
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increased for a prolonged period after illumination. Thus, AVK neuronal function on the modulation of 

bending behavior is primarily not regulated by gap junction coupling to other cells, playing just a minor 

role, compared to FLP-1 neuropeptide transmission. Ablation of SMB neurons using the caspase ICE to 

induce programmed cell death increased bending angles and induced strong dwelling behavior, a 

phenotype that was observed for AVK ablation as well (Figure 85-87). Interestingly, simultaneous AVK 

photoinhibition had no further effects on bending behavior (Figure 85 A, B). These results give a stable 

assumption that AVK regulates crawling locomotion via signaling to SMB, whereas FLP-1 transmission 

is the preferably used signaling pathway over direct gap junction coupling. As already mentioned, 

bending angles in the head region were highest during AVK photoinhibition (Figure). Thus, SMB and 

VC motoneurons could indeed play a key role in the generation and propagation of the undulatory 

wave in the head and along the animals body (Gray et al. 2005; Wen et al. 2012). 

Since NPR-6 is activated by FLP-1 peptides with low potency, it would be interesting to investigate high 

potency NPR-6 ligands. Among other neuropeptides, the FMRFamide-like peptide FLP-26 binds with 

higher affinity to NPR-6 receptors than FLP-1 peptides (Dr. I. Beets, personal communication). So far, 

FLP-26 was not attributed to any behavioral or locomotion responses. In this study, flp-26(gk3015) 

mutants exhibited enhanced bending behavior and bending angles could not be further increased 

upon AVK photoinhibition (Figure 89 A, B). These results may indicate that FLP-26 contributes to the 

behavior effects regulated by AVK. Since flp-26 genes were not enriched in the AVK mRNA profile, 

FLP-26 peptides are likely to be released from downstream inter- or motoneurons, influenced by AVK 

and FLP-1 signaling transmission. The expression pattern of pflp-26::GFP revealed FLP-26 to be 

expressed in several neurons in the head, including SMB and SMD, and in neurons of the tail 

(Figure 91). Interestingly, the NPR-6 receptor and FLP-26 peptides are co-expressed in SMB and SMD 

neurons, indicating that NPR-6 may affect FLP-26 release from these neurons downstream of FLP-1 

signaling from AVK. Since FLP-26 has a much higher affinity to NPR-6 than FLP-1, these neuropeptides 

could further potentiate FLP-1 effects on SMB and SMD by binding to NPR-6. Indeed, calcium levels in 

SMB neurons were slightly reduced in flp-26(gk3015) mutants during AVK::NpHR light-evoked 

inhibition, as seen for wild type animals, however not to the same extent as in npr-6(tm1497) mutants 

(Figure 92 A, B). Thus, FLP-26 could have additional potentiating effects on SMB during AVK inhibition 

and less FLP-1 signaling. However, it is not clear, if FLP-26 may also act on other cells via binding other 

high affinity receptors. Another possible pathway comprises the receptor FRPR-7 to be involved in a 

signaling cascade, as already suggested for FLP-20 and FRPR-3 during tap-evoked arousal (Chew et al. 

2018a). Therefore, FLP-1 released from AVK binds to the FRPR-7 receptor of second-layer 

interneurons, which could lead to the release of FLP-26 to an additional layer of inter- or motoneurons 

of the circuit, expressing NPR-6. However, the expression pattern of pflp-26::GFP and pfrpr-7::mCherry 

could not give any evidence for a neuronal candidate expressing both, the neuropeptide FLP-26 and 
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the receptor FRPR-7. Furthermore, results of this study suggest FLP-1 peptides to have downstream 

inhibitory effects, rather than stimulate cells to possibly release FLP-26 or other neuropeptides. 

Consequently, a theoretical FLP-1/FRPR-7 and FLP-26/NPR-6 signaling cascade is therefore rather 

improbable and needs further validation.    

 

6.5.2 FLP-1 peptides signal to the DVC interneuron via the FRPR-7 receptor to regulate 

reversal frequencies 

Since FRPR-7 is likely the FLP-1 receptor that mediates AVK’s effects on swimming behavior, it would 

be of interest to identify neurons involved in the regulation of swimming locomotion. The receptor 

FRPR-7 was shown to be expressed in the pharyngeal neurons I1, I4, M3 and NSM, the sensory neurons 

ADE, the interneurons ADA and DVC, and in the intestine (Figure 79). ADE is one of the dopaminergic 

neurons, which senses the mechanosensory stimuli during crawling through bacteria and is involved 

in the modulation of area-restricted search (Hills et al. 2004). AVK interneurons get chemical and 

electrical synaptic input from ADE, with 3 and 2 synapses respectively. Thus, changes in AVK neuronal 

activity and FLP-1 release upon food availability, could possibly regulate and fine-tune ADEs efficacy in 

a FLP-1 and FRPR-7 dependent feedback loop. As already presented, NSM neurons are involved in the 

regulation of food mediated crawling and swimming behavior (Sawin et al. 2000; Vidal-Gadea et al. 

2011). They express the FRPR-7 receptor, as well as NPR-6, suggesting them as a primary neuronal 

candidate, to be regulated by AVK and FLP-1 signaling and therefore worthwhile to be investigated in 

future experiments (Oranth et al. 2018). Despite of FRPR-7, other neuropeptide receptors have been 

reported to be expressed in the intestine, where they regulate body fat storage and lipid metabolism, 

e.g. NPR-4 and NPR-22 (Cohen et al. 2009; Frooninckx et al. 2012; Palamiuc et al. 2017). Thus, 

neuropeptide signaling to FRPR-7 in the intestine may act as a communication medium between the 

nervous system and the metabolic tissue, as well.  

The DVC interneuron, similar to DVA, has been reported to be a stretch receptor that influences 

backward movement and optogenetic stimulation increased reversal frequencies (Feng et al. 2012; 

Ardiel und Rankin 2015). Furthermore, ablation of the DVC neurons using laser ablation reduces 

bending behavior, as already seen for the DVA neuron, indicating this two neurons to be important for 

the regulation of bending behavior (Li et al. 2006). To probe if AVK regulates locomotion via FLP-1 

peptide signaling to FRPR-7, bending angles were analyzed during DVC activation (Figure 80 A, B). As 

seen for SMB and VC neurons, photoactivation of DVC using ChR2, led to an increase of bending angles 

as well. Thus, AVK inhibition may result in a disinhibition of DVC, both leading to an increase in bending 

angles. Since DVC activation induced immediate and persistent reversal responses, the enhancement 
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of bending angles is most likely provoked by reversal behavior, which is accompanied with high-angle 

turns (Zhao et al. 2003). In line with this assumption, swimming behavior was not affected during 

DVC::ChR2 activation, ruling out DVC as a neuron candidate mediating AVK neuronal function on 

swimming behavior via FLP-1 and FRPR-7 (Figure 81). Thus, FRPR-7 regulates swimming by other 

unknown neurons, most likely via the VC, AIM and NSM neurons. Interestingly, mutants for 

frpr-7(gk463846) had a significantly lower frequency of reversals, compared to wild type animals. Thus, 

locomotion is affected by the FRPR-7 receptor, most probably via AVK inhibition of the DVC neuron. 

DVC neurons have extensive synaptic connectivity to AVA command interneurons, to signal reversal 

responses (wormweb.org). Furthermore, they share 15 electrical synapses with PVP, which is in turn 

highly connected to AVK via gap junctions. Thus, AVK possibly regulates DVC’s activity not exclusively 

by FLP-1 and FRPR-7 signaling, but rather via gap junction connectivity as well. Furthermore, DVC forms 

synapses to the AVK neurons and is therefore able to propagate feedback transmission to AVK. 

 

6.6 AVK neurons act in parallel to the interneuron DVA in an antagonistic fashion 

During this study, the proprioceptive interneuron DVA came into focus, as it has been reported to 

affect locomotion and body bending in a food dependent manner as well (Li et al. 2006; Bhattacharya 

et al. 2014). DVA neurons release the neuropeptide NLP-12 to enhance local-search behavior after the 

direct removal from food. Upon food removal, nlp-12(ok335) mutants crawl long distances and 

perform straight runs with low bending angles (Bhattacharya et al. 2014). In this study, nlp-12(ok335) 

mutants showed reduced bending behavior even after longer periods off food, compared to wild type 

(Figure 94 A, B). In contrast, flp-1(yn4) mutants exhibited significantly increased bending angles. This 

suggests that, FLP-1 and NLP-12 function antagonistically during local-search behavior, whereas 

NLP-12 release and enhances and FLP-1 release lowers the bending degree. With respect to this, 

NLP-12 peptides have been shown to enhance synaptic transmission from the cholinergic 

motoneurons and maybe FLP-1 affect GABAergic motoneurons in a similar way, which has to be 

investigated in the future (Stawicki et al. 2013; Hu et al. 2011). Surprisingly, ablation of DVA, using laser 

application, expression of the caspase ICE did not mimic the nlp-12(ok335) mutant phenotype and 

bending angles or the amplitude were not altered (Bhattacharya et al. 2014; Wen et al. 2012) 

(Figure 93 A, B). Consequently, other parallel neurons or signaling pathways must be present, 

overwriting DVA’s impact on locomotion, e.g. signaling to the interneurons AVK. Therefore, it would 

be necessary to examine bending angles and locomotion in animals lacking both, the DVA and AVK 

interneurons by co-ablation. Interestingly, laser ablation of DVA neurons did cause a reduction in the 

body bending extent if the mechanosensitive TRP-4 channel was missing (Li et al. 2006). Thus, 

proprioception via TRP channels expressed in other neurons than DVA has an impact on the regulation 
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of bending angles, which has to be further investigated. Since AVK interneurons do not express the 

TRP-4 channel, other proprioceptive neurons are maybe influenced by DVA signaling.  

AVK and DVA share some major similarities, regarding their connectome. Both get high synaptic input 

from the dopaminergic neurons, AVK receives 22 and DVA 59 chemical synapses (Figure 113). They 

innervate both SMB motoneurons to affect head movement and locomotion, whereas DVA forms 

10 chemical synapses and AVK 3 chemical and 8 electrical synapses with SMB. Thus, AVK and DVA 

could act in a parallel network to regulate food-dependent locomotion states. Indeed, a recent study 

suggested AVK and DVA to counteract in a circuit that is required for navigation during oxygen 

chemotaxis (Hums et al. 2016). Moreover, optogenetic analysis of the DVA and AVK neurons proved 

their antagonistically impact on locomotion performance. Photodepolarization of DVA using ChR2 

increased bending behavior, whereas acute inhibition, using the light-driven proton pump Mac, 

reduced body bending and dispersal behavior (Oranth et al. 2018) (Figure 115 A, B).  
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Figure 115: Stimulation and inhibition of the DVA neuron alters crawling behavior. A) Time-course analysis of the mean 

bending angles ±SEM in crawling DVA::CHR2 and DVA::MAC animals. Animals were cultivated with and without ATR and 

recorded for 5 seconds before and 10 seconds during blue and green light exposure (0.5 mW/mm2, 475 or 568 nm.) Blue and 

green bars indicate the illumination period (0 to 20 seconds). B) Quantification of the mean bending angles ±SEM for the 

indicated periods and genotypes. Significant differences are represented as * p<0.05 and *** P<0.001. n, number of animals. 

Behavioral recording and analysis ware performed by K. Erbguth. Image adapted from Oranth et al. 2018. 

To further investigate the influence of DVA on AVK neuronal activity, bending locomotion and dispersal 

were analyzed in DVA ablated neurons during AVK photoinhibition. Although ablation of DVA showed 

no effects on basal bending angles, simultaneous AVK inhibition using NpHR still significantly increased 

body bending (Figure 93 A, B). Consequently, the loss of DVA is likely to be compensated by AVK and 

FLP-1 transmission, which can act independently from DVA to control locomotion. However, in non-

ablated animals, DVA antagonizes AVK neuronal function and signaling from both cell types innervate 
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head and ventral cord motoneurons. Interestingly, mutants for nlp-12(ok335) could not follow AVK 

inhibition and did not alter their bending behavior in response to yellow light illumination 

(Figure 94 A, B). In contrast, swimming behavior was not affected by the loss of nlp-12 (Figure 95). This 

may indicate that NLP-12, released from DVA, contributes to the regulation of crawling behavior and 

thereby influences AVK neuronal activity and functionality.  

 

6.7 AVK neurons get sensory input from dopaminergic neurons 

Dopaminergic PDE neurons, together with CEF and ADE neurons, mechanically sense the texture of a 

bacterial lawn and are involved in the initiation of the basal slowing response. Upon food encounter, 

dopamine is released from these neurons, driving the animals to slow down and to reduce their 

dispersing behavior (Sawin et al. 2000; Kang et al. 2010; Maeder et al. 2018). Since AVK interneurons 

partly regulate locomotion in the presence and absence of food, the role of dopamine, released from 

PDE to AVK and DVA neurons, was further investigated. 

 

6.7.1 Dopamine regulates the activity of AVK neurons and FLP-1 peptide release 

Several studies have demonstrated that dopamine acts humorally on neuronal function and 

independent from direct synaptic connections and exposure to exogenous dopamine was able to 

mimic food induced behavioral responses (Sawin et al. 2000; Chase et al. 2004; Sanyal et al. 2004). In 

this study, acute exposure to exogenous dopamine did not significantly reduce body bending, as seen 

during dwelling behavior in the presence of food (Figure 96 A, B). However, during acute dopamine 

exposure, AVK::NpHR animals were not able to increase their bending angles upon light-induced 

inhibition. Consequently, dopamine, just like food, influences AVK neuronal activity and its capability 

to initiate local-search behavior. Despite these findings, it cannot be excluded that the overall exposure 

of the nervous system to dopamine unspecifically affects other signaling pathways and neuronal 

networks as well. Therefore, the lack of dopamine synthesis, using cat-2(e1112) mutants, was rather 

chosen to study dopamine effects on the AVK circuit (Lints und Emmons 1999). Animals lacking cat-2 

had increased bending angles, comparable with the enhanced bending behavior during local-search, 

initiated by the absence of food and reduced dopamine signaling (Figure 97 A, B). Interestingly, these 

effects were more pronounced, as the mechanosensory impact was abolished in the cat-2(e1112) 

mutant. Moreover, simultaneous AVK photoinhibition in cat-2(e1112) mutants increased body 

bending and animals were able to induce local-search behavior (Figure 107 A, B). Thus, endogenous 

dopamine is necessary to initiate dwelling behavior in the presence of food.  
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But how does dopamine and the presence of food affect AVK neurons in modulating locomotion. One 

would expect that bending angles should be increased during food and dopamine exposure, if there 

would be an inhibitory impact on AVK. This was not the case, just because DVA most likely acts 

antagonistically to AVK and activation of this neuron counteracts the effect of AVK inhibition. Thus, 

overall exposure to food may influence other neuronal circuits as well. Nevertheless, other results of 

this study could provide evidence. If the presence of food and dopamine inhibits AVK neurons, there 

should be a change in FLP-1::mCherry secretion as well. Indeed, FLP-1::mCherry fluorescence levels 

were increased in the AVK cell bodies and axons, as well as in the CCs, speaking for an enhanced FLP-1 

release from AVK in the absence of food (Figure 108 A). In contrast, with food, FLP-1::mCherry 

fluorescence levels were overall reduced. Thus, if animals are removed from food, AVK gets stimulated 

enhancing the synthesis of FLP-1 peptides and the exocytosis of peptide containing dense core vesicles. 

This would further indicate that AVK interneurons are tonically active in the absence of food. In line 

with these observations, cat-2(e1112) mutants had enhanced FLP-1::mCherry fluorescence intensities 

in the coelomocytes, speaking for an increased FLP-1 peptide release in the absence of dopamine 

(Figure 108 B). This effect was not as severe, probably because of the incomplete abolishment of the 

dopamine synthesis in the cat-2(e1112) mutant, where dopamine levels were still reported to be 

present (Sulston et al. 1975; Sanyal et al. 2004). In contrast, the presence of FLP-1 in AVK cell bodies 

and axons were not altered, maybe due to a neuronal adaption to the permanent absence of 

dopamine. In sum, sensation of food causes an inhibited state of AVK, at least partly mediated by 

dopamine signaling, which alters signaling to downstream neurons via the modulation of FLP-1 release.  

 

6.7.2 AVK neurons express D1- and D2-like dopamine receptors 

To overcome unspecific side-effects, caused by exogenous dopamine, as well as by the incomplete lack 

of dopamine in cat-2(e1112) mutants, optogenetics were applied as the preferred approach. 

Photostimulation of dopamine release from PDE, ADE and CEP using ChR2 resulted in a decrease of 

bending angles and slowing of locomotion, consistent with the reduced bending angles during the 

basal slowing response in the presence of food (Figure 97 A, B) (Oranth et al. 2018). Effects of 

dopaminergic neuron stimulation on bending behavior were more severe, indicating a dopamine 

independent and a more distributed influence of food on additional neuronal circuits. In order to 

investigate, if AVK interneurons contribute to effects observed by induced dopamine release, they 

were ablated using the mitochondrial-targeted miniSOG. Upon blue light activation, miniSOG 

generates reactive oxygen species, leading to cell degeneration and death (Pimenta et al. 2013). The 

decrease of bending behavior during photostimulation of dopamine release was not as severe if AVK 

was disrupted, likely indicating AVK to be addressed by dopamine signaling and involved in the 
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regulation of locomotion during food sensation, maybe together with other neurons downstream of 

dopaminergic neurons (Figure 98 A, B). However, high expression levels of miniSOG in AVK already 

influenced bending behavior in the absence of blue light, may due to a unspecific generation of reactive 

oxygen species under ambient light (Qi et al. 2012; Xu und Chisholm 2016).  

Using mRNA profiling, three genes coding for proteins involved in dopamine signaling were found to 

be enriched in AVK interneurons, the dop-1, dop-3 and dop-4 (Figure 99). DOP-3 was the most 

abundant dopamine receptor, compared to the other receptors, which were expressed at lower levels 

in AVK. DOP-3, is an inhibitory D2-type dopamine receptor, whereas DOP-1 and DOP-4 function as 

stimulatory D1-type receptor, and neurons of C. elegans are suggested to express both receptor types 

simultaneously at different levels (Suo et al. 2002, 2003; Chase et al. 2004; Sanyal et al. 2004; Sugiura 

et al. 2005). DVA is known to express DOP-1 to mediate the food-induced basal slowing response and 

DOP-1 and DOP3 have been previously shown to act antagonistically to regulate local-search behavior 

(Chase et al. 2004; Bhattacharya et al. 2014). Since AVK and DVA influence bending angles 

antagonistically, they most likely get inhibitory or stimulatory input from dopaminergic neurons via 

different type of dopamine receptors. For this reason, DOP-1 and DOP-3 were the focus of the further 

investigations. Although there were significantly enriched transcripts for dop-1 and dop-3 found in 

AVK, expression patterns of pdop-1::GFP and pdop-3::RFP could not provide evidence for DOP-1 and 

DOP-3 receptor expression in AVK (Figure 100 and 104). Thus, the intrinsic receptor levels may be too 

low to be detected by fluorescence visualization. Since mRNA profiling is rather distinct, it is more likely 

that reporter constructs for dop-1 or dop-3 are incomplete and parts of the promotor, crucial for 

expression in AVK, are missing. Yet, dop-3(vs106) mutants had increased bending angles and effects of 

dopamine neuron photoactivation on bending behavior were abolished in behavioral experiments 

(Figure 101 A, B). Surprisingly, cell-specific expression of DOP-3 in AVK could rescue the dop-3(vs106) 

mutant locomotion phenotype. In contrast, expression of DOP-3 in DVA did not cause reduced angles, 

rather the opposite took place, bending behavior was significantly increased during photostimulation 

of dopamine release. Moreover, animals in which dop-3 was cell-specifically knocked down in AVK 

neurons were not capable to perform dispersal behavior after a prolonged period without food, as 

crawling distances and velocity were not decreased compared to wild type (Figure 100 and 101). These 

observations are comparable with previous findings, where dop-3 mutants were not able to slow 

locomotion in the presence of food (Chase et al. 2004). Accordingly, the inhibitory DOP-3 receptor 

expressed in AVK is responsible for the dopamine induced switch between dispersal and dwelling 

behavior during food sensation. Still, bending angles were increased without food, as seen for wild 

type. This may indicate additional pathways of dopamine affecting bending behavior, independent 

from AVK and DOP-3, likely via DVA and DOP-1 as previously described (Bhattacharya et al. 2014). 

Unfortunately, these findings could not be confirmed. In dop-1(vs100) mutants, effects of 
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photoactivated dopamine neurons on bending behavior were just partly abolished (Figure 105 A, B). 

Yet, the stimulatory DOP-1 receptor seems to play just a minor role in regulating bending behavior and 

crawling behavior, compared to other dopamine receptors. This conclusion has already been made in 

other studies, where neither food-sensing nor dopamine-induced slowing appeared to be defective in 

dop-1 mutants (Sanyal et al. 2004; Chase et al. 2004). Furthermore, DVA may not contribute to effects 

of light-evoked dopamine release, since those were not impaired during acute DVA ablation using 

miniSOG or knockdown of the dop-1 and dop-3 receptor genes (Figure 98 A, B and 106 A, B). Thus, it 

would be desirable to knock-down both receptors in DVA interneurons, to investigate if DOP-1 and 

DOP-3 act together in an antagonistically fashion to regulate bending behavior via dopamine signaling 

in this neuron. 

 

6.8 Functional model of the AVK neuronal circuit regulating locomotion and food-

related behavioral responses 

In this work, a modulatory neuronal circuit and the involved signaling molecules were identified, 

controlling body posture and crawling locomotion in response to the presence or absence of food 

(Figure 116). In the presence of food, mechanosensory dopaminergic neurons get activated to release 

dopamine to affect locomotion and promote dwelling. Thereby, AVK and DVA interneurons get 

inhibited or activated by dopamine via distinct receptors, to adjust the signaling of FLP-1 and NLP-12 

neuropeptides, respectively. Furthermore, AVK and DVA neurons are able to integrate sensory 

information about the presence of food, either by mechano- or chemosensory neurons, as well as via 

proprioceptive feedback from the animal’s body itself. They are synaptically connected to downstream 

head and ventral cord motoneurons but are also able to address other neurons by neuropeptide 

volume transmission, independent from anatomically defined chemical or electrical synapses. These 

downstream motoneurons express a variety of distinct FLP-1 or NLP-12 receptors and modulate head 

and body wall muscles as a signaling response to control body curvature during crawling and swimming 

behavior. Thus, acute changes in locomotion behavior upon food sensation, enable the animals to 

adjust their navigation strategies to search for or to remain on a food source.  
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Figure 116: Food sensation modulates AVK neuronal function in a distributed neuronal circuit. Model overview of the AVK 

surrounding circuit, comprising sensory, inter- and motoneurons, signaling molecules and receptors. A) AVK and DVA respond 

to food and dopamine (DA) signaling to antagonistically influence head and body motoneurons via FLP-1 and NLP-12 to alter 

body posture and locomotion strategies. B) In the presence of food, AVK and DVA neurons are inhibited or stimulated by DA 

via the expression of DOP-3 and DOP-1 receptors, respectively. Upon AVK inhibition, less FLP-1 is released and motoneurons 

get activated to promote muscle contraction and dwelling behavior. C) In the absence of food and DA signaling, AVK is active 

and perform ongoing FLP-1 neuropeptide signaling to inhibit motoneurons and increase dispersal behavior. Active and 

inhibited states of cells and signaling pathways are indicated in green and red, respectively. Signaling pathways are depicted 

as arrows (activating) or interrupted lines (inhibiting), whereas electrical synapses are indicated as circled lines. Image 

adapted from Oranth et al. 2018. 
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6.9 Outlook 

 

In this study, a neuronal circuit comprising the AVK interneurons was identified to be involved in the 

regulation of food-related locomotion strategies and navigation. Thereby, AVK signals via FLP-1 

neuropeptides to downstream SMB and VC motoneurons, that innervate head and body muscle cells 

to alter body posture and locomotory behavior. Results obtained in this work confirmed that AVK not 

only regulates sinusoidal movement during crawling on a solid surface, but as well undulatory 

movement during swimming (Figure 52). Photoinhibition did significantly reduce swimming 

frequencies and this effect most likely requires FLP-1 neuropeptide signaling to its high affinity 

receptor FRPR-7. However, it is unknown which motoneurons control this behavioral response. The 

expression pattern of the pfrpr-7 revealed FRPR-7 to be expressed in the NSM neurons, among others 

(Figure 79). The serotonergic and proprioceptive NSM neurons, together with the AIM interneurons, 

have been suggested to affect the onset of swimming after transition from a solid to liquid substrate 

and therefore it would be worthwhile to further investigate the role of NSM and AIM neurons in the 

control of swimming behavior (Vidal-Gadea et al. 2011). Beyond that, NSM and AIM both express the 

FLP-1 low-affinity receptor NPR-6, which may regulate swimming locomotion via AVK, together with 

FRPR-7. Since both neuron types are not synaptically connected to the AVK interneurons, they are 

potentially addressed by FLP-1 volume transmission. In order to investigate NSM and AIM neurons, 

promotors for cell-specific expression must be identified, e.g. ptph-1 or ceh-2, to express microbial 

rhodopsins and apply optogenetics (Vidal-Gadea et al. 2011; Aspock et al. 2003). VC and SMB 

motoneurons have been shown to get inhibited by continuous FLP-1 transmission from AVK and 

photoactivation of the motoneurons could induce enhanced bending angles and local-search behavior 

(Figure 92 and 114). Hence, if FRPR-7 is attributed to be an inhibitory receptor, photoactivation of NSM 

and AIM neurons using ChR2 would maybe reduce swimming locomotion, as seen for AVK 

photoinhibition. Since FRPR-7 acts together with NPR-6 to regulate bending angles during locomotion 

and both receptors are expressed in NSM motoneurons, it would be of interest to investigate the 

coherences of the receptors in their regulation of swimming behavior (Figure 74 and 79). Hence, NPR-

6 and FRPR-7’s functional role can be analyzed using cell-specific rescue experiments, expressing these 

receptors in the respective neurons and mutant background. Calcium imaging of NSM or AIM neurons 

in freely moving animals, could give evidence about their activity state during simultaneous AVK 

inhibition and altered FLP-1 signaling (Faumont et al. 2011; Ben Arous et al. 2010). 

The mRNA profile of AVK interneurons revealed flp-1 to be one of the most abundant genes in AVK 

(Figure 53). Investigation of other transcripts for neuropeptide signaling and synaptic transmission, 

could expand our knowledge about the signaling molecules used by the neuronal circuit surrounding 
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AVK in order to modulate locomotory behavior. One possible candidate is the nlp-49 gene, which was 

found to be highly expressed in the AVK interneurons as well (Figure 117). This gene codes for two 

neuropeptides (NLP-49-1 and NLP-49-2) and a recent study implicated NLP-49 peptides to be involved 

in the regulation of arousal, egg-laying and locomotion, opposed to the effects caused by FLP-1 

peptides (Chew et al. 2018b). They could indicate that NLP-49 overexpression in AVK interneurons was 

sufficient to induce heightened arousal locomotion and hyperactivity, as a response to a high-stress 

environmental state. Furthermore, they found the corticotrophin-releasing factor (CRF)-like receptor 

SEB-3 to be addressed and activated by NLP-49-2 (Chew et al. 2018b). SEB-3 is broadly expressed in 

the C. elegans nervous system, including SMB and DVA neurons and ser-3 gain of function mutants 

exhibit enhanced exploratory behavior and locomotion (Jee et al. 2012; Chew et al. 2018b). In sum, 

NLP-49 released from AVK to downstream motoneurons, e.g. SMB expressing SER-3, can possibly not 

only regulate stress-induced locomotion states, but possibly food-related navigation as well. In order 

to characterize the NLP-49 and SEB-3 signaling proteins, behavioral assays with loss of function 

mutants or cell-specific knock-down in the respective neurons should uncover their role in the control 

bending behavior during crawling and swimming. In addition, cell-specific rescue experiments in AVK 

inter- or SMB motoneurons, in the respective mutant background, can clarify the role of NLP-49 and 

SEB-3 in the regulation of bending angles in a food-related context. Imaging of NLP-49 peptides should 

give evidence about their transmission and release from AVK neurons, also during different 

environmental conditions, such as the presence of food or exogenous dopamine. In this context it 

would be of great interest to know if FLP-1 and NLP-49 act in the same signaling pathway, or 

independent from each other, to modulate locomotory behavior. Furthermore, it has to be 

determined, if NLP-49 binds to already characterized NPR-6 and FRPR-7 receptors and if there are 

possible other receptors addressed by this neuropeptide which have not been identified so far. In vitro 

peptide affinity tests may give evidence, as already shown for NLP-49 and SEB-3 (Chew et al. 2018b).  
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Figure 117: Genes involved in neuropeptide signaling are highly enriched in AVK neurons. Scatter plot of upregulated AVK 

transcripts, identified by single-cell RNA-Seq from AVK neurons isolated at L1 stage. AVK enriched genes are defined by the 

threshold of FDR-corrected p-values < 0.001 and > 2-fold change, as indicated. Transcripts for the neuropeptide genes flp-1 

(green) and nlp-49 or others (blue), are highlighted. mRNA profiling of AVK was performed with the help of Dr. R. McWhirter 

and Prof. D. Miller III.  

Regarding the mRNA profile of AVK, other candidate genes coding for neuropeptides were enriched in 

AVK interneurons, the nlp-8, -10, -41, -50, -95 and -69, as well as ins-13 and ins-28 genes (Figure 117). 

Preliminary results obtained for the mutants nlp-8(ok1799), nlp-41(gk411622) and ins-28(ok2722) 

could not confirm their role in the regulation of bending behavior, since bending angles were not 

altered during forward locomotion, as seen for flp-1(yn4) mutants (Figure 54 and 118). Yet, behavioral 

phenotypes for the other mutants still are to be investigated and their contribution to locomotion 

effects caused by the AVK neuronal circuit.  

        A                                                                                         B 

 

Figure 118: Besides flp-1, the loss of other neuropeptide genes does not affect bending behavior. A) Time-course analysis of 

the mean bending angles ±SEM in crawling wild type animals, as well as in nlp-8(ok1799), nlp-41(gk411622) and ins-

28(ok2722) mutants. Animals were recorded for 30 seconds and significance was calculated for the entire period. 

B) Quantification of the mean bending angles ±SEM for the indicated genotypes. Significant differences to wild type are 

represented as n.s., non-significant. n, number of animals. 
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AVK interneurons were identified to be addressed by dopaminergic neurons via the DOP-3 receptor in 

order to regulate food-related locomotion and dispersal behavior (Figure 101-103). However, AVK 

interneurons possible integrate information about the environmental nutrition state also from other 

sensory- or interneurons, which contribute to the behavioral effects caused by mechanical food 

sensation of the dopaminergic neurons. Thereby, C. elegans is able to respond differently to the 

presence or absence of food, using a variety of bioamines as signaling molecules. The mRNA profile of 

AVK revealed the ser-3 gene to be upregulated, which codes for an octopamine receptor involved in 

the regulation of pharyngeal pumping during food deprivation (Liu et al. 2019) (Figure 119). In the 

absence of food, RIC neurons release octopamine to activate downstream SIA interneurons, expressing 

the SER-3 and SER-6 receptor, in order to suppress hyperactive pumping and activate cAMP response 

element-binding protein (CREB) dependent gene expression (Liu et al. 2019; Suo et al. 2006). 

Interestingly, it has been shown that in the presence of food, dopamine signaling inhibits RIC and SIA 

neurons via the DOP-3 receptor, leading to a decreased octopamine release and a suppression of CREB 

activation in the SIA neurons (Suo et al. 2009). This suggests that dopamine interacts with octopamine 

signaling to regulate food responses, maybe by influencing AVK interneurons as well. In this context, 

AVK is possibly activated by octopamine signaling from RIC neurons to the SER-3 receptor in the 

absence of food, while in the presence of food, dopamine signaling via DOP-3 inhibits RIC and AVK 

neurons. Thus, AVK may integrate several signaling pathways to affect complex modes of locomotion. 

In order to confirm this hypothesis, it would be desirable to investigate if octopamine signaling has an 

impact on AVK neuronal activity and its ability to modulate locomotion. Octopamine has been 

previously shown to regulate hyperactivity and to increase roaming behavior, dependent on the SER-

3 receptor (Churgin et al. 2017). It would be interesting to examine changes in bending angles during 

AVK inhibition in the presence of octopamine, either by exogenous application, or optogenetical 

stimulation of RIC neurons using ChR2. In addition, the locomotion phenotype of ser-3 mutants is to 

be determined and cell specific rescue experiments in AVK neurons in the respective mutant 

background can give evidence whether AVK is addressed by octopamine signaling to SER-3 to control 

locomotion in the absence of food.  
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Figure 119: Bioamine receptors are highly enriched in AVK neurons. Scatter plot of upregulated AVK transcripts, identified 

by single-cell RNA-Seq from AVK neurons isolated at L1 stage. AVK enriched genes are defined by the threshold of 

FDR-corrected p-values < 0.001 and > 2-fold change, as indicated. Transcripts for dopamine receptors dop-1, dop-4 and dop-3 

(purple) and the octopamine receptor ser-3 (blue), are highlighted. mRNA profiling of AVK was performed with the help of 

Dr. R. McWhirter and Prof. D. Miller III.  
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8 Appendix 

 

8.1 C. elegans neuropeptide receptor alignments 

 

Figure 120: Evolutionary conservation of homologous neuropeptide receptors in C. elegans. Phylogenetic homology tree of 

the C. elegans receptors NPR-1 to NPR-35, based on identities in amino acid-sequences. Amino acid BLAST alignment was 

performed using Clustal Omega (Sievers et al. 2011). Amino acid sequences were extracted from wormbase.org. 

 

8.1.1 Amino acid sequence alignment between GtNPR-1 and C. elegans GPCRs 

GtNPR-1   --------mnstnvtt--d-pi-wk----w-------ts-------------------------- 

CeNPR-6   msndlvpsvssilnet--t-ps-yq----s-------tckiknnpmemey--------------- 

CeNPR-3   --------meggrncv--m-tv-qq----wqpeyndmnq-------------------------- 

CeNPR-7   --------mnidsnlt--d-fq-ce----y-------pa-------------------------- 

CeNPR-10  --------msssnhci--dira-yl----w-------qt-------------------------- 

CeNPR-4   --------mngsdclnlns-el-wl----y-------redlssrwy------------------- 

CeNPR-2   m-------ineteetc--d-ry-idkhpdm-------tn-------------------------- 

CeNPR-1   --------mevenftd--c-qvywk----vypdps--qs--------------------------

CeNPR-5   --------mvssaati--s-ti-st----t-------ttpstisnvitshsnngsciqiaeaiaa  

CeNPR-13  mgdaeshhcidvnail--q-qf-nd----w-------tvl------------------------- 
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GtNPR-1   -----------f------k---------avlf---f--l--ysvvfvlasvgnylvvlvvvknks        

CeNPR-6   -----------f------r---------pffi---s--m--ycavflvassgnflvvyvvmtnkr         

CeNPR-3   -----------i------r---------aifs---l--l--yllvwvgaivgntlvlyvltfnqv          

CeNPR-7   -----------idigihmk---------tlla---v--g--yglvgalslvgnlavllivicrre 

CeNPR-10  -----------k------hdltlhpipiaila---t--i--ytiivvvgvtgnllvvmsvmrfkv       

CeNPR-4   -----------i------m---------lvfa---f--l--yliiiaagiignscvilaitrnks      

CeNPR-2   -----------e------p---------tvlvtfsl--l--ylhifllgilgnsavlyltmkhrq        

CeNPR-1   -----------i------y---------aivp---f--ltvylflfflglfgnvtliyvtcshka  

CeNPR-5   qgidditvdfyi------r---------sift---f--l--ygflfvlgifgnggvlwavarnkr         

CeNPR-13  -----------f------e---------vrlg---ysvl--yfliliiglvgngllitsilmrkk        

 

GtNPR-1   mqtitnlfitnlaladilttliavpftpiavyteewifpatlckllpmtmglsvyvstltstaia 

CeNPR-6   mqtitnifitnlavsdimvnftslwltptytsighwifggglchglplfqgtsifistwtltaia 

CeNPR-3   slsvrtvfvgclagsdllmclfslpitaisifsrvwvfpaifckligvfqggtifvssftltvia 

CeNPR-7   mqtvtnifissvsaadlvitsfslwatplayyqrvwhfgkymcymvsiiqglslmwvpltlaava 

CeNPR-10  lqsvrnmfivslsvsdifvaivsgsvtpitafskvwlfggplchllpllqgtalsfstltltaia 

CeNPR-4   lqtvpnlfilslscsdivvcctsatitpitafkkewifgealcriapfiagislcfstftltais 

CeNPR-2   lqtvqnifilnlcasnvlmcltslpitfitnvykqwffsspvckliplvqgasifvstfslsaia 

CeNPR-1   llsvqnifilnlaasdcmmcilslpitpitnvyknwyfgnllchlipciqgisifvctfslgaia 

CeNPR-5   lqsarnvfllnliftdlilvftaipvtpwyamtkdwafgsvmchlvplsnscsvfvtswsltais 

CeNPR-13  l-svaniflinlavsdlllcitavpitpvlafmkrwifgiimcklvptcqafsvlisswslcyia 

 

GtNPR-1   ldryivivhp-----fiprmkmkvciliifciwvigtlitsp-laifqkkq--ffndt-nkte--   

CeNPR-6   idryivivhnssninindrmsmrsclsfivliwlcslllvtp-yainmkln--yihepcdfli--  

CeNPR-3   ldrcvlilrp-----nqeivnfpravfivfciwllgyslalp-vgiysdia--vydei-cgtf--          

CeNPR-7   ldryslvasp-----frqpmskktclliiagiwmggfavlsp-m--irmvd--fvdsy-gpchf- 

CeNPR-10  idryilichp-----tkepirkdqalkmisfnsaisvglsvp-lfmkqelm--qfrny-cgey--  

CeNPR-4   idryilirfp-----mrkpithyqavgviaiicafaatitsp-imfkqklg--efenf-cgqy--          

CeNPR-2   ldrynlvvrp-----hkqklssrsammialliwvisvvvcmp-ygwymdve--klngl-cgey-- 

CeNPR-1   ldryilvvrp-----hstplsqrgaflttvllwilsfvvtlp-yaf--nmq--mieyt-eeri-- 

CeNPR-5   ldkflhindp-----tkqpvsirqalaitfliwivstlinlpylmsfehvdgsfyvqp-getpyc 

CeNPR-13  idryrsivtp-----lrepwsdrharwllmftwvvaflasyp-lyysqnlk--tmvie-nvtl-- 

 

GtNPR-1   ---c----re-----dw--inpvs-----r-eifttln-fvlqfvlpgliislcy----fyv-gk 

CeNPR-6   ---c----se-----dw--snaef-----r-sifgivv-milqfilpfvliaisy----iki-wl  

CeNPR-3   ---c----ee-----nwpdfnpdtgrsgir-rayglsv-lvlqfgipalissicy----wmi-sr 

CeNPR-7   ---c----le-----sw--dhdkq-----hyrlfyglsvlvirsaiplvlislch----wri-av 

CeNPR-10  ---c----se-----nwg-pdayl-----r-svygtvv-fiiqfvfplititfcy----asi-si 

CeNPR-4   ---c----te-----nwg-anesq-----r-kiygaal-mflqlvipltiiiisytaislki-gq 

CeNPR-2   ---c----se-----hw--plaev-----r-kgytflv-litqflfpfatmafcy----yni-fs 
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CeNPR-1   ---cgyfcte-----kw--esaks-----r-raytmiv-mlaqfvvpfavmafcy----ani-vs 

CeNPR-5   ghfc----dea----nw--qsens-----r-kiygttv-mllqfvvpmavitycy----fkilqk 

CeNPR-13  ---c----gdfcgefnwq-sdeis-----k-ltyttsl-liiqliipaiimsfcy----lmi-lq 

 

GtNPR-1   vlk-mrgvnki------------g--------------cg----vksrereeme----------- 

CeNPR-6   fln-sr---------------------------------------qsmterksd----------- 

CeNPR-3   vms-dqlarrr------------g--------------hn----irp-esetkl----------- 

CeNPR-7   iln-tqtkkfq------------t--------------lr----sastvtqstd----------- 

CeNPR-10  klr--rgvfvr------------g--------------sqke--lmsearrql------------ 

CeNPR-4   smi-lkgakkq------------k--------------tdnwe-melsdqqria----------- 

CeNPR-2   rlr-qrvetkl------------kklsersqllensttcgttnhivsinaeavqnglenkqrlav 

CeNPR-1   vls-kraqtkirkmvertsaless--------------ca----fpshgleqyenelnefldkqe 

CeNPR-5   vskdmiiqnaq------------f--------------cq----sltqkqrsda----------- 

CeNPR-13  kvq-tdwlvde------------g--------------sm----ltaaqqaqta----------- 

 

GtNPR-1   ------vkrkrrtnhmliamvtifiicwtp---lnmlwiis-e---------ilgkf----d--- 

CeNPR-6   ------ikrkkrllrmlivmvvifaicwfp---fnllnclr-d---------l--kl----d--- 

CeNPR-3   ------vnrktranrmmivmvvgfvlawmp---fnavnlyr-d---------lfg---------- 

CeNPR-7   ------irrkqrlqtlllamvvifavsslp---ldlsnvlq-d---------livvy----q--- 

CeNPR-10  ------tqrrlrtnrmliimtvtfalswlpsvgfnflrdys-a---------lpg---------- 

CeNPR-4   ------vkrrqrtnrmligmvvafacsw--------iwsvtfn---------ilrdy----e--- 

CeNPR-2   ------laqqrrtttilscmvllfaftwlp---hnvvtlmi-e---------ydgfffhsde--- 

CeNPR-1   kekqrvvlqnrrttsilvtmvvwfgitwlp---hnvislii-eyddtqsffrlygrd----d--- 

CeNPR-5   ------tsrkkkvnyiliamvvtfigcwlp---ltllnlvk-d---------fkkep----e--- 

CeNPR-13  ------v-rkrrvmyvlilmvivfmacwfp---lsavnlfr-d---------lgmrf----efcq 

 

GtNPR-1   ----vf-isdsrnff-lif-lcshltamsgtmynpllygwmn-knfrmefqrvlpc-----lk-- 

CeNPR-6   ----nf-m---rgyfsfvf-lsvhlmsmtatawnpilyafmn-etfreefakvvpc-----lf-- 

CeNPR-3   ---------iskwys-tvf-alchvcamcsavlnpiiyswfn-pqfrqsittl------------ 

CeNPR-7   ----vrpvpdnvrhf-iff-fc-hwtamagtllnplvyayyn-enfrrqiqtcfge-----mr-- 

CeNPR-10  -------iidsqd-y-lfg-iifhcismtsvivnpflygycn-ehfraafaalldt-----vkaa 

CeNPR-4   ----yl-peliktqe-yifgiathciamtstvwnpllyavln-lqlraafidlmphwlrrhln-- 

CeNPR-2   ----ts-atstdhty-ivs-mtahlismltnvtnpflyawln-pmfk---emlikt-----lr-- 

CeNPR-1   ----yd-is-----y-lln-lfthsiamsnnvlnpvlyawln-psfrqlviktyfg-----dr-- 

CeNPR-5   ----wl----krqpf-fwa-inahviamslvvwnpllffwltrkqkrsglskilns-----te-- 

CeNPR-13  tvykvl-mmdqmyfk-lln-v--hviamtsivwnpvlyfwms-krhr----ral----------- 

 

GtNPR-1   --fr--sd-i-------ptkt------mvee--nth----fkrisey-----hdsspnqel-svq 

CeNPR-6   --arrpgt-g-------pirv------iter--tamitnpfrr-------------anrkk-kve 

CeNPR-3   --fk--gt-d-------earl------ikkk--pqs----tskmvsy---------ptnfs-eir 

CeNPR-7   --gq--ge--------------------------------fkr-gly-----sivsgrysy-ret 
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CeNPR-10  cgmr--rg-n-------pacs------qll---sth----festt-------------------- 

CeNPR-4   --le--gd-nsspllnhptmt------itnkygsta----tktvkat-----yintsngqp-yvs 

CeNPR-2   --gg--sk-s-------pkpa------dikq---ts----firm------------pn--  

CeNPR-1   --rk--sdri-------inqtsvyktkivhd--tkh----lngrakiggggshealkerelnscs 

CeNPR-5   --iv--ss-f-------asrv-------------sn----sirrstf-----rrnnidrvr-kkq 

CeNPR-13  ---k--dd-m-------twlt------narr--htn----vgvlsrf--------tpspsv-svv 

 

GtNPR-1   n------rpsv---------------dstehnks--p---------llqraptqatsmv------ 

CeNPR-6   e------qp------------------vtvises--p---------l-qtavepqrsivyldepe 

CeNPR-3   k------etei---------------astk-tki--t---------iaendyragdqll------ 

CeNPR-7   f------radd---------------eenhhrqn--t---------rielannqtg---------     

CeNPR-10  -------rrsv---------------ttt---------------------ipssi---------- 

CeNPR-4   tslvgkvqpea---------------psfkfngs--grkksammrilvqkrnaeeeeql------   

CeNPR-2   -----------------------------------------------------sgapsqssyl-- 

CeNPR-1   e------nlsy---------------hvnghtrt--p---------tpevqlnevsspe------ 

CeNPR-5   v------vldc---------------egssyttssrp---------llirtdvqatlsn------

CeNPR-13  y------rrtlerhlgvnhfrrgtladptctsre--r---------slprelqsncfll------ 

 

GtNPR-1   -gtk---cpp-------c-----------------eyvs-----llveiefvffl---------- 

CeNPR-6   ngss---cq-----------------------------t-----lll------------------ 

CeNPR-3   ----------------------------------------------------------------- 

CeNPR-7   -----------------------------------diev-----lrtdl----------------  

CeNPR-10  ----------------------------------------------------------------- 

CeNPR-4   -itkespsppeiqmdtlcaasiiprrksaqprstnekvv-----lprkasf-------------- 

CeNPR-2   ----------------------------------------------------------------- 

CeNPR-1   -isklv-aep-------e-----------------elie-----fsvndtlv------------- 

CeNPR-5   -gst---stt-------r-----------------eml--------------------------- 

CeNPR-13  -vpl---mpl-------c-----------------qsvtrknshlainrdgivipqangssrrps 

 

GtNPR-1   ----------  

CeNPR-6   ---------- 

CeNPR-3   ---------- 

CeNPR-7   ---------- 

CeNPR-10  ---------- 

CeNPR-4   ---------- 

CeNPR-2   ---------- 

CeNPR-1   ---------- 

CeNPR-5   ---------- 

CeNPR-13  svntnstrdw 
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8.2 Abbreviations 

8.2.1 Units and prefixes 

°C degree Celsius M molar 

c centi min minute 

g gram n nano 

h hour s second 

Hz hertz U Unit 

L Liter V Volt 

µ micro W Watt 

m milli/meter   

 

8.2.2 Acronyms 

A anterior CKR2 cholecystokinin-like receptor 2  

ACh acetylcholine CPG Central Pattern Generation 

AChE acetylcholinesterase Cre cyclization recombination 
protein 

AChT  acetylcholine transporter CREB cAMP response element-
binding protein 

ACR anion channelrhodopsin D dorsal 

AMP adenosine-monophosphate DAG diacylglycerol 

AP antarctic phosphatase DCVBD dense core vesicle binding 
domain 

Arch archaerhodopsin ddH2O double deionized water 

ATP adenosine-5‘-triphosphate DMSO dimethyl-sulfoxide 

ATR all-trans retinal DNA deoxyribonucleic acid  

BLAST basic local alignment search DNase deoxyribonuclease 

BLUF blue light using FAD  dNTP deoxy-nucleotide-triphosphate 

BSA Bovine Serum Albumin E. coli Escherichia coli 

Ca2+ calcium eNpHR enhanced version of 
halorhodopsin from 
Natronomonas pharaonis 

CAPS calcium-activated protein for 
secretion 

EDTA ethylene-diamine-tetra-acetic-
acid 

CatCh calcium translocating ChR2 ER endoplasmatic reticulum 

CC coelomocyte EtBr ethidium bromide 

CCK cholecystokinin FACS fluorescence activated cell 
sorting 

C. elegans Caenorhabditis elegans FAD falvin-adenin-denucleotide 

CFP cyan fluorescent proteins FLP FMRFamide-like proteins 

ChloC chloride conducting ChR FMN flavin-mononucleotide 

ChR channelrhodopsin FRET fluorescence resonance energy 
transfer 
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GABA gamma aminobutyric acid NpHR halorhodopsin from 
Natronomonas pharaonis 

GAD glutamic acid decarboxylase OT oxytocin 

GDP guanosine-diphosphate P posterior 

GECI genetically encoded calcium 
indicator 

PAC photoactivated adenylyl cycles 

GEF nucleotide exchange factor PAL peptidyl--hydroxyglycine -
amidating lyase 

GFP green fluorescent protein PAM peptidylglycine--amidating 
monooxygenase 

GEO gene expression omnibus PCA phenol chloroform isoamyl 
alcohol  

GEVI genetically encoded voltage 
indicator 

PCR polymerase chain reaction 

GMP guanosine-monophosphate PEG polyethylene glycol 

GnRH gonadotropin releasing 
hormone 

PIP2 phosphatidylinositol-4,5-
biphosphate  

GPCR G protein-coupled receptor PKA protein kinase A 

GRK GPCR kinase PKC protein kinase C 

GTP guanosine-triphosphate PLC phospholipase C 

H+ proton PLG Phase Lock Gel  

HisCl histamine-gated chloride 
channel 

PTZ pentylenetetrazole 

ICE interleukin-1ß-converting 
enzyme 

RGS regulators of G protein signaling 

ILP insulin-like proteins RIN RNA integrity number 

IP3 inositol-1,4,5-triphosphate RNA ribonucleic acid 

K+ potassium RNAse ribonuclease 

KPC kex2/substilisin-like proprotein 
convertase 

ROI regions of interest 

LB Lysogeny Broth RT room temperature 

L-DOPA levodopa SEM standard error of the mean 

LOV light-oxygen-voltage SEWLB Single Egg Worm Lysis Buffer 

LoxP locus of X over P1 SNARE N-ethylmaleimide-sensitive 
factor attachment receptor 

mRNA messenger ribonucleic acid TAE TRIS acetate EDTA 

MHD MUNC-13 homology domain TM trans membrane 

mPSC miniature postsynaptic current TRH thyrotropin releasing hormone 

Na+ sodium TRIS  tris-(hydroxymethyl)-
aminomethane 

NEB New England Biolabs TRP transient receptor (TRP) 

NGM Nematode Growth Medium UTR untranslated region 

NLP neuropeptide-like proteins UV ultraviolet 

NMJ neuromuscular junction V ventral 

NMU neuromedin U VAchT vesicular acetylcholine 
transferase 

NPY neuropeptide Y VGAT vesicular GABA transporter 
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VP vasopressin w/v weight per volume 

v/v volume per volume YFP yellow fluorescent protein 
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8.4 Data and figure contribution 

All procedures described in this study were done by myself, if not noted otherwise. These comprise 

the cloning of plasmids, the creation of transgenic C. elegans lines, the implementation of behavioral 

recordings, data analysis and the creation of figures. The contribution of colleagues and collaboration 

partners to plasmids and transgenic lines are listed in table 5 and 8. For the analysis of locomotion 

parameters, custom-written scripts for the software ImageJ, R script and Knime were designed and 

provided by Dr. C. Schultheis and Dr. W. Steuer Costa. The contribution of colleagues and collaboration 

partners to behavioral recordings, data analysis and the creation of figures are listed in the following 

table 17.  

 

Table 17: Data and figure contribution. 

Name  Figure Contribution Source Page 

Dr. I. Beets 111 Bioluminescence recording and 
data analysis 

(Oranth et al. 2018) 170 

K. Erbguth 115 Behavioral recording and data 
analysis 

(Oranth et al. 2018) 179 

Prof. A. Gottschalk 
 

71 Support in the neuron identification This work, 
wormatlas.org, 
(White et al. 1986) 

124 

79 Support in neuron identification This work, 
wormatlas.org, 
(White et al. 1986) 

131 

91 Support in neuron identification This work, 
wormatlas.org, 
(White et al. 1986) 

141 

92 Support in data analysis This work 142 

109 Image design This work,  
(Oranth et al. 2018) 

162 

110 Support in data analysis This work,  
(Oranth et al. 2018) 

166 

113 Image design This work,  
(Oranth et al. 2018) 

173 

114 Support in data analysis This work,  
(Oranth et al. 2018) 

175 
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Name  Figure Contribution Source Page 

D. Hain 46 Support in behavioral recording This work 103 

47 Support in behavioral recording This work 104 

48 Support in behavioral recording This work 105 

 50 Support in behavioral recording This work 106 

Dr. J. Liewald 112 Electrophysiology recording and 
data analysis 

This work 171 

L. Martin 64 Support in behavioral recording This work 118 

Dr. R. McWhirter 53 mRNA sequencing and data analysis This work 109 

 99 mRNA sequencing and data analysis This work 149 

 117 mRNA sequencing and data analysis This work 187 

 119 mRNA sequencing and data analysis This work 189 

Prof. D. Miller III 53 Support in data analysis  This work 109 

 99 Support in data analysis  This work 149 

 117 Support in data analysis  This work 187 

 119 Support in data analysis  This work 189 

Dr. O Tolstenkov 92 Support in data analysis This work 142 

 114 Fluorescence recording and data 
analysis 

This work, 
(Oranth et al. 2018) 

175 

Dr. S. Wabnig 110 Support in fluorescence recording 
and data analysis 

This work,  
(Oranth et al. 2018) 

166 
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The CD-ROM, supplemented to this thesis, encloses the following data: 
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