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2. Summary 

 

2.1 Zusammenfassung 

Tierverhalten ist eines der faszinierendsten und geheimnisvollsten Themen der Biologie. Die 

Erzeugung von Verhalten wird weithin als eine primäre Funktion des Nervensystems 

angesehen, dennoch bleibt unklar, wie das Gehirn die Bewegungen in ein angemessenes, 

organisiertes Verhalten koordiniert. In dieser Arbeit beschäftige ich mich damit, indem ich die 

unterschiedliche Hirndynamik beschreibe, die dem Verhaltensrepertoire des Fadenwurm 

Caenorhabditis elegans (C. elegans) zugrunde liegt. Ich habe die neuronale Aktivität während 

des Verhaltens mit genetisch kodierten Kalziumindikatoren aufgezeichnet, die in bestimmten 

neuronalen Klassen von Interesse exprimiert wurden; die Kombination dieser Ergebnisse mit 

Daten aus hirnweiten Aufzeichnungen der neuronalen Aktivität bei immobilisierten Tieren 

ergab zwei Hauptprinzipien des Nervensystems des Wurms. Erstens wird die grundlegende 

Handlungssequenz des Wurms durch eine niedrigdimensionale neuronale Populationsdynamik 

bestimmt. Dieser Befund, der aufgrund der numerischen Einfachheit des Wurmgehirns 

unvorhergesehen war, etablierte den Wurm als potenzielles Modellsystem für die neuronale 

Populationsdynamik, wie sie beispielsweise bei Insekten und Säugetieren das Verhalten 

beeinflussen soll. Zweitens habe ich die oben genannten Techniken mit quantitativer 

Verhaltensanalyse und gezielter Manipulation spezifischer neuronaler Klassen kombiniert, um 

zu untersuchen, wie das Gehirn das Verhalten über mehrere Zeiträume hinweg koordiniert. 

Meine Ergebnisse stützen eine jahrzehntelange Hypothese in der Ethologie: dass das Verhalten 

auf verschiedenen Zeitskalen hierarchisch organisiert ist. Diese strenge, nicht überlappende, 

Top-Down-Organisation wird durch verschachtelte neuronale Dynamik erreicht, im Gegensatz 

zu einer hierarchischen Schaltungsarchitektur. Diese Arbeit zeigt, dass verschachtelte 

neuronale Dynamik ein wiederholtes dynamisches Motiv des C. elegans Nervensystems ist. 
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Ähnliche Wechselwirkungen neuronaler Aktivität im Mehrzeitbereich wurden bei einer 

Vielzahl anderer Tiere, einschließlich Säugetiere, beschrieben, aber ihre funktionellen Folgen 

werden weiterhin diskutiert. Insgesamt bietet diese Arbeit eine detaillierte Darstellung der 

neuronalen Dynamik, die dem Verhalten von C. elegans zugrunde liegt, mit potenzieller 

Relevanz für die Funktion des Nervensystems im gesamten Tierreich.  

 

2.2 Abstract 

Animal behavior is one of the most fascinating and mysterious topics in biology. The 

generation of behavior is widely regarded as a primary function of the nervous system, yet it 

remains unclear how the brain coordinates movements into appropriate, organized behavior. In 

this thesis, I address this by describing the diverse brain dynamics underlying the behavioral 

repertoire of the nematode Caenorhabditis elegans (C. elegans). I recorded neuronal activity 

during behavior using genetically encoded calcium indicators expressed in specific neuronal 

classes of interest; combining these results with data from brain-wide neuronal activity 

recordings in immobilized animals revealed two major principles of the worm’s nervous 

system. First, the worm’s basic action sequence is driven by low-dimensional neuronal 

population dynamics. This finding, which was unanticipated due to the numerical simplicity of 

the worm brain, established the worm as a potential model system for neuronal population 

dynamics, such as those thought to drive behavior in insects and mammals. Second, I combined 

the aforementioned techniques with quantitative behavior analysis and targeted manipulation 

of specific neuronal classes to examine how the brain coordinates behavior across multiple 

timescales. My findings supported a decades-old hypothesis in ethology: that behaviors on 

different timescales are organized hierarchically. This strict, non-overlapping, top-down 

organization is achieved via nested neuronal dynamics, in contrast to a hierarchical circuit 

architecture. This work demonstrates that nested neuronal dynamics are a repeated dynamical 
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motif of the C. elegans nervous system. Similar multi-timescale neuronal activity interactions 

have been described in a variety of other animals, including mammals, yet their functional 

consequences remain debated. Altogether, this work provides a detailed account of the 

neuronal dynamics underlying behavior in C. elegans, with potential relevance to nervous 

system function across the animal kingdom.  
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3. Introduction 

 

3.1 How does the brain generate organized behavior? 
 

A fundamental feature of animal behavior is that it is highly organized. Indeed, such 

organization is so crucial that it is often taken for granted. Human language is one instructive 

example: even before we learn formal grammatical structure in school, we absorb and 

implement its rules with ease. Beyond spoken language, the space of possible body movement 

combinations is incredibly large, yet human movement trajectories typically occupies only a 

small subset of that space (Franklin and Wolpert, 2011). Similar results have recently been 

found for mouse body language, during exploratory behavior (Wiltschko et al., 2015). Indeed, 

some form of organized exploratory behavior, involving specific types of locomotory and 

active sensing maneuvers, has been described for a wide variety of animals (Hills et al., 2015; 

Yang et al., 2016). This suggests that the nervous system is able to produce complex, organized 

motor outputs in a “spontaneous” manner, i.e. without the instruction of a simultaneously time-

varying sensory input to guide its execution (Lashley, 1951). The organization of behavior 

therefore appears to be at least partly internal, the product of neuronal dynamics that are 

coordinated such that behavioral output is organized as well. These observations lead to two 

major questions: (1) what are the organizing rules of behavior? and (2) how are these 

organizing rules implemented by neuronal dynamics? One hope is that by investigating the 

second question, e.g. via neuronal activity recordings, we may learn about the brain’s 

representation of behavior sufficiently enough to provide insight into the first question, 

regarding the organizing rules themselves (Brown and de Bivort, 2018). In this thesis, I will 

address these questions, focusing on two types of organized behavior: (1) an action sequence 

on a single timescale and (2) a behavioral hierarchy across timescales. 
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3.2 Behavioral organization: action sequence 

One of the oldest observations in ethology is that individual actions typically occur in 

serial sequences, with specific ordering (Lashley, 1951; Tinbergen, 1951). Konrad Lorenz, one 

of the founders of modern ethology, elaborated on earlier observations of stereotypic action 

sequences by detailing the “fixed action pattern” (Moltz, 1961). These sequences are initiated 

by a particularly salient stimulus, known as the “sign” or “releasing” stimulus, which triggers 

the first action in the sequence. Once the first action is initiated, the sequence of actions that 

follows is almost invariably executed to completion (Moltz, 1961). The fixed action pattern 

can be seen as an extremely deterministic type of action sequence; other behaviors, such as 

different types of birdsong, have more probabilistic transitions between actions (Slater, 1973). 

More recent well-studied action sequences include Drosophila courtship (Dankert et al., 2009; 

Dickson, 2008) and grooming (Seeds et al., 2014). The importance of serial action sequencing 

is underscored by its diverse utility and ubiquity across both animal species (invertebrates and 

vertebrates) and behavioral goals (e.g. mating and grooming).  

Despite this ubiquity, how nervous systems enable serially sequenced behavior remains 

a contested issue. At least four competing models have been proposed, each with support from 

recent studies in different species and behavioral settings (Drosophila courtship (McKellar et 

al., 2019), Drosophila grooming (Seeds et al., 2014), mouse learned lever presses (Murray and 

Escola, 2017), and zebrafinch singing (Long et al., 2010); different models summarized in 

(Seeds et al., 2014) and (McKellar et al., 2019)). For example, an excitatory synaptic chain 

mechanism is thought to underlie birdsong (Long et al., 2010), while a single-neuron ramp-to-

threshold model has been proposed for Drosophila courtship, in which increasing thresholds 

of neuronal activity drive subsequent behaviors (McKellar et al., 2019). The particularities of 

each of these action sequences might necessitate different implementations, accounting for this 

diversity of findings (McKellar et al., 2019). Still, all previous studies remain limited with 
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regard to their access to comprehensive neuronal activity data. Only a small fraction of neurons 

residing in a single brain region are typically recorded in any given study. While manipulation 

experiments also inform these models, these are again limited to the targeted neuron type and 

brain region. These limitations are potentially severe, as recent studies suggest that behavior is 

encoded in a brain-wide manner (Ahrens et al., 2012; Musall et al., 2019; Stringer et al., 2019). 

Therefore, to ensure that the proposed model is not dependent on the neuron type or brain 

region examined, researchers should ideally take advantage of new technologies enabling 

brain-wide neuronal activity recordings (Ahrens et al., 2013; Schrödel et al., 2013). While these 

methodologies do have limitations, which are discussed below, they enable an unprecedentedly 

unbiased and comprehensive mapping of the neuronal dynamics driving action sequences. 

 

3.3 Behavioral organization: Hierarchy 

In his seminal analyses of animal behavior, Nikolaas Tinbergen hypothesized 

hierarchical organization as a fundamental principle of animal behavior (Tinbergen, 1951). 

Using the reproductive instinct of the three-spined stickleback as a model, he observed that 

specific sets of actions appear to be grouped together, in that they occur only in the context of 

a specific longer-lasting behavioral goal (Tinbergen, 1951). Different timescales of behavior 

therefore occupy different levels of the hierarchy: the stickleback’s reproductive instinct lasts 

over several days and occupies the uppermost hierarchy level; fighting and nesting are 

behavioral programs within the reproductive instinct, and they occupy an intermediate 

hierarchy level; each of these behavioral programs consists of its own set of faster-timescale 

actions such as biting or digging, at the lowest hierarchy level (Fig. 1a) (Tinbergen, 1951). 

Importantly, this type of hierarchy is non-overlapping, meaning that no lower-level element is 

accessible via two different upper-level ones (each element has only one “boss” (Dawkins, 

1976); Fig. 1a shows a non-overlapping hierarchy, Fig. 1b shows an overlapping hierarchy). 
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As a result, if the animal were to switch from biting (part of the fighting program) to digging 

(part of the nesting program), it would have to switch between the upper-level programs as 

well (Fig. 1a). This feature provides a testable prediction: if such a constraint were found to be 

common in the nervous system’s implementation of behavior, it would provide strong evidence 

in favor of Tinbergen’s hierarchy model. 

 

Figure 1. Hierarchical models of behavior. For both (a) and (b), circle size corresponds to 

relative behavioral timescale. (a) A non-overlapping hierarchy model, with behaviors 

labelled according to a subset of three-spined stickleback behaviors reported by (Tinbergen, 

1951). (b) An overlapping hierarchy model, as distinguished by (Dawkins, 1976). The 

element colored red has two “hierarchs” or “bosses,” making this an overlapping hierarchy 

model unlike that shown in (a). 

 

Despite increasing behavioral evidence in favor of the hierarchy model, few 

neurophysiological investigations have directly addressed multi-timescale behavioral 

organization. Human language and birdsong exhibit clear hierarchical structures (Berwick et 

al., 2011; Glaze and Troyer, 2007), as does locomotory behavior in mouse (Markowitz et al., 

2018), zebrafish (Marques et al., 2018), and Drosophila (Berman et al., 2016). However, only 

the study in Drosophila rigorously tested whether a hierarchical organization can better explain 

behavior compared to other models (Berman et al., 2016). More convincing evidence, such as 

a test of the aforementioned prediction, could come from neuronal activity recordings. One 

study identified a hierarchical relationship between breathing and whisking behavior in mice 
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and found that the brain regions driving these behaviors exhibit a unidirectional connection in 

accordance with hierarchical control (Moore et al., 2013). Studies in mice examining basal 

ganglia circuits delineated different timescale activity patterns coordinated with different 

behavioral timescales (Jin and Costa, 2015; Markowitz et al., 2018). Still, none of these studies 

showed how different activity patterns interact to coordinate behavior across timescales. 

Despite strong evidence for hierarchical structure in birdsong (Berwick et al., 2011; Glaze and 

Troyer, 2007), neurophysiological studies suggest a serial sequential encoding scheme (Long 

et al., 2010). One further complication is that these studies examined hierarchical organization 

between motor actions, whereas Tinbergen’s original model described motor actions only at 

the lowest hierarchy level, with different behavioral “drives” at higher levels [in modern 

parlance, drives might be called behavioral programs (fighting, mating) or states 

(reproductive)]. It is easy to rule out non-overlapping hierarchies at levels “lower” than motor 

actions: for example, some of the same leg muscles may be used during both fighting and 

mating, so these muscles are accessible by two different upper-level states. Whether hierarchies 

organize motor actions, behavioral states, or both, however, remains unclear. Altogether, 

several fundamental gaps remain in our understanding of how behavior is organized across 

timescales, especially with regard to the most prominent model, the behavioral hierarchy. 

 

3.4 Neuronal mechanisms: central pattern generators 

Despite ethology’s long-standing emphasis on organizational principles of behavior, 

neurophysiology has historically focused elsewhere. This was likely due to technical 

limitations. Early electrophysiological studies, such as the fundamental contributions of Hubel 

& Wiesel, were performed in anesthetized animals which lacked behavioral output, and were 

focused on neuronal responses to sensory inputs. While these studies revealed several 

foundational neuroscientific principles (see, for example (Hubel and Wiesel, 1962)), they left 
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animal behavior relatively unexamined. Other early researchers circumvented the need for 

anesthesia by removing parts of the nervous system from the animal completely, and recording 

from neurons ex vivo (Goulding, 2009; Marder and Bucher, 2001). These preparations, for 

example of cat spinal cord, miraculously produced dynamic nerve activity that resembled 

muscle activity during walking, including oscillatory patterns and coordination between nerves 

driving different limbs (Goulding, 2009). Thus it was discovered that mammalian locomotion 

is driven by a central pattern generator (CPG), a neuron or circuit that produces intrinsic 

activity that resembles patterns of behavior, even in the absence of sensory input (Marder and 

Bucher, 2001). CPGs have been demonstrated as a neuronal basis for other simple rhythmic 

behaviors in addition to mammalian locomotion, such as insect flight and mammalian 

breathing (Marder and Bucher, 2001). These results have demonstrated that the rhythms and 

patterns of muscle contraction typical of these behaviors do not require time-varying sensory 

feedback for their occurrence: even in isolated preparations lacking such feedback, activity 

patterns similar to behavioral patterns are produced (Marder and Bucher, 2001). Still, it is clear 

that sensory input has a strong effect on CPG output, because the frequencies and amplitudes 

of these behaviors are typically very different in isolated versus intact preparations (Marder 

and Bucher, 2001). For example, the cycle period is often strongly reduced in isolated 

preparations, by as much as an order of magnitude (Fox, 2006; Goulding, 2009). In many cases, 

experiments have shown that such differences are due to sensory effects such as proprioception 

(Ausborn et al., 2007; Marder and Bucher, 2001). Researchers studying CPGs have therefore 

been able to tease apart how network activity (in the isolated preparation) and sensory input 

(in the intact animal) each contribute to the behavior in question. As a result, CPGs have 

enabled perhaps the most comprehensive understanding to date of how neuronal dynamics 

drive behavior. 
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However, CPG mechanisms have so far been observed only for simple rhythmic 

behaviors. It remains unclear whether higher-order behavioral phenomena such as action 

sequences or multi-timescale organization might also be observed in preparations isolated from 

time-varying sensory input. Indeed, some models propose that sensory input is a key 

determinant in action sequence progression (Seeds et al., 2014), precluding the involvement of 

CPG-like mechanisms. If, however, some components of higher-order behavioral organization 

were indeed found observable in the absence of sensory input, then, as with CPGs, researchers 

could examine the underlying neuronal circuit interactions that produce the organization 

separately from the influence of sensory input. CPG research could therefore provide a 

roadmap toward a deeper understanding of neuronal mechanisms underlying higher-order 

behavioral organization (Yuste et al., 2005). 

 

3.5 Neuronal mechanisms: population dynamics 

With the development of technology to record neuronal activity in behaving animals, 

more complex relationships between neurophysiology and behavior were observed. O’Keefe 

reported the discovery of place cells, a class of neurons in the hippocampus identifiable by 

their activity during behavior (O'Keefe, 1976). Recorded as rats explored a behavioral arena, 

these neurons became active only when the animal is located at a particular position in space 

(O'Keefe, 1976). This not only revealed that individual neurons can represent high-level 

behavioral parameters like location, but also that crucial information exists at the level of the 

neuronal population. Because each place cell fired only at a small restricted location in the 

arena, the experimenter could read out the animal’s position only when several place cells 

coding for different locations were co-recorded. Likewise, any downstream brain area 

concerned with the animal’s position would need to receive information from the population 

of place cells. The crucial role of population coding for behavior became more apparent with 
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analyses of primate motor cortex activity during goal-directed reaching, by Georgopolous and 

colleagues (Georgopoulos and Carpenter, 2015). While individual neurons represented 

particular reach directions, only with the activity of several neurons at once, summarized by 

the “population vector,” could the animal’s reach direction be precisely decoded 

(Georgopoulos and Carpenter, 2015). These early studies therefore demonstrated that insight 

into brain function would come not only from recording the activity of individual neurons 

during behavior, but also from recording many of them.  

As researchers began recording populations of neurons simultaneously, it became clear 

that population activity is more than simply a combination of signals representing, for example, 

different reach directions or locations in space. Rather, neurons share a lot of information, 

tending to covary in time on a single-trial basis. One particularly pioneering study was in the 

leech, where Briggman and colleagues were able to record from intact ganglia using a voltage-

sensitive optical dye in an ex vivo preparation (Briggman, 2005). In response to an electrical 

stimulation, the ganglia would stochastically generate either a swim-like or crawl-like activity 

pattern. The authors asked whether single-cell or population-level analyses could better predict 

the outcome of this behavioral “choice.” To analyze population activity, they used principal 

components analysis (PCA), a dimensionality reduction technique that uses co-variations 

between the activity of co-recorded neurons to find latent dimensions (shared activity patterns); 

the resulting dimensions are ranked according to the percentage of variance in the data that 

they explain. Using only the three highest-ranked dimensions, they found that this population-

level information could predict behavioral choice well in advance of information from any 

single cell alone. Crucially, they then tested the hypothesis that this population-level 

information was more relevant than any single-cell information: they manipulated a neuron 

that did not show an early (relative to other cells) discrimination of behavioral choice, but still 

contributed strongly to the population-wide dynamics. This manipulation biased behavioral 
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choice, whereas manipulating neurons that did show early discrimination of behavioral choice 

did not affect behavior. This suggested that these latter neurons were perhaps only early 

readouts of the population-wide activity, whose evolution was the more relevant factor 

(Briggman, 2005). Another study used PCA to analyze motor cortex activity in primates during 

reaching, and similarly found that shared low-dimensional activity patterns best described the 

behavior (Churchland et al., 2012). As neuronal population recording and analysis techniques 

have become more widely available, low-dimensional representations have been observed 

underlying diverse behaviors (Ahrens et al., 2012; Allen et al., 2019; Bruno et al., 2015; 

Stringer et al., 2019). However, few studies have yet examined how neuronal population 

dynamics underlying these individual behaviors are coordinated into the types of higher-order 

organizations described above. 

 

3.6 C. elegans as a model organism for neuroscience research 

Since its establishment as a model organism in the 1960s, by Sydney Brenner, the 

nematode worm Caenorhabditis elegans has been used to unveil several fundamental 

principles of biology. It has extremely diverse utility, illustrated well by the three Nobel prizes 

that have been awarded for C. elegans research: (1) organ development and programmed cell 

death (2002), (2) the discovery of RNA interference (2006), and (3) the development of GFP 

as a genetic research tool (2008). Brenner chose C. elegans specifically as a model for both 

development and neuroscience research (Wood and researchers, 1988). While neuroscience 

research in C. elegans has led to the discovery of several highly conserved genes and associated 

molecular mechanisms (e.g. synaptic release machinery (Barclay et al., 2012)), and has yielded 

the first and most complete connectome to date (White et al., 1986), a unified understanding 

of the worm’s nervous system function at the level of animal behavior remains elusive. This 

underscores the difficult questions that face neuroscience as a whole. In mammalian 
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neuroscience, for example, several active areas of research, such as cell type classification and 

structural connectivity, have been essentially solved in the worm: every cell type has been 

identified and classified, and all connections have been mapped. The worm’s nervous system 

and its behavior are less complex than most other animals, especially mammals, arguably by 

orders of magnitude. Remarkably, despite all these advantages, how the worm’s nervous 

system generates its behavior remains largely unclear. 

Brenner’s choice was carefully considered, resulting in a model system particularly 

well-suited for experimentation in the newborn age of molecular biology. C. elegans is 1mm 

long as an adult and has an extremely fast generation time of only about three days. A single 

hermaphrodite produces hundreds of offspring, enabling experiments with very high statistical 

power. C. elegans has extreme numerical simplicity at the cellular level: the hermaphrodite is 

made up of only 959 cells, 302 of which are neurons; each cell has been given an identity and 

can be found with little to no variation in every wild-type animal (Sulston and Horvitz, 1977). 

Transgenes are easily produced by gonad injection, using enhancer or promoter elements 

targeting specific neuron classes cloned upstream of effector genes. In standard laboratory 

conditions, only a fraction of a percent of animals are males (the rest are hermaphrodites), yet 

this fraction can be increased by various methods to enable crosses. Finally, the worm’s 

transparence makes it ideal for optical tools such as calcium indicators. Altogether, these 

features make C. elegans a premier model organism for modern experimental neuroscience 

research. 

 

3.7 The C. elegans nervous system 

The C. elegans hermaphrodite nervous system consists of 302 neurons split into 118 

identifiable cell classes. All of the synapses between these neurons, and between the neurons 

and muscles, have been mapped by electron microscopy (White et al., 1986); this includes 6393 
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chemical synapses, 890 gap junctions, and 1410 neuromuscular junctions (Varshney et al., 

2011). While this unique dataset is rich in useful information, at least two important issues 

preclude a more complete understanding of neuronal mechanisms in the worm. First, the signs 

of the chemical synapses, whether excitatory or inhibitory, are not known; there is also 

evidence that gap junctions can act in a rectifying, i.e. directional manner (Liu et al., 2017; 

Marder, 2009). Efforts to ameliorate this issue have been made, especially by the Hobert lab, 

which has mapped the neurotransmitter identities based on gene expression data (see, for 

example, (Gendrel et al., 2016)). Still, gene expression data must be complemented with 

functional studies to understand the impact of an upstream neuron on a downstream neuron. A 

second issue is that neuropeptides and neuromodulators (e.g. dopamine, serotonin) have been 

shown to act extrasynaptically, in the worm as well as in other organisms (Bentley et al., 2016). 

These signaling molecules form an extrasynaptic network perhaps as complex as the synaptic 

connectome, including ~250 predicted neuropeptides and ~100 receptors, several of which 

have been shown to exert strong behavioral effects (e.g. (de Bono and Bargmann, 1998)) 

(Bentley et al., 2016). Further, the extrasynaptic connectome has been shown to be mostly 

orthogonal to the synaptic connectome (Bentley et al., 2016). The functional timescales and 

effects of these extrasynaptic connections remain to be explored. Any network-level model of 

C. elegans nervous system function based on current data is therefore necessarily 

impoverished. 

While the known connectome can and does act as an invaluable resource, its utility is 

often limited to one- or two-step connections rather than large-scale pathways for information 

relay. This is due to the high degree of recurrency in the worm connectome, providing many 

possible paths by which neurons can impact one another (Varshney et al., 2011). Despite this 

complexity, a few general principles of the worm’s nervous system organization are apparent. 

Nearly all neurons can be classified as sensory neuron, motor neuron, or interneuron (Varshney 
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et al., 2011). Sensory neurons are defined either by the presence of anatomical features such as 

processes to sensory sites at the worm’s nose or tail, or by functional evidence, while motor 

neurons are defined by the presence of neuromuscular junctions (Varshney et al., 2011). Any 

non-sensory and non-motor neuron is referred to as an interneuron. It is important to note that 

many motor neurons synapse not only onto muscle but also onto other motor neurons, and in 

some cases onto interneurons as well. This raises the possibility that individual neurons in the 

compact C. elegans nervous system might be capable of a high degree of multifunctionality, 

e.g. acting as both motor neurons and interneurons. Another feature of the nervous system is 

that eight motor neuron classes each consist of between six and 15 anatomically similar 

individual neurons; these classes are repeated throughout the body of the worm in an iterated 

fashion, defining functional segments of motor control along the worm’s body (Haspel and 

O'Donovan, 2011). These 75 total motor neurons reside in the ventral nerve cord (VNC) and 

target either ventral or dorsal body wall muscle, but not both. Worms lie on their left or right 

sides and move primarily along their dorsal/ventral body axis. Several additional motor neuron 

classes in the head target specifically head muscle, and allow for movement on the left/right 

body axis as well as the dorsal/ventral axis (Kwon et al.; 2013; Shaw et al., 2018). 

The majority of the rest of the worm’s neurons, including most sensory and 

interneurons, have their cell bodies located in the head. Strikingly, just five interneuron classes 

in the head (ten individual neurons) are responsible for the vast majority (83.4%) of synapses 

onto the most functionally important motor neuron classes in the VNC (VB, DB, VA, and DA 

motor neurons; synapses onto these neurons by other VNC motor neurons were excluded in 

this count). These five interneurons (AVA, AVB, AVD, AVE, and PVC) therefore represent a 

significant bottleneck in the crucial connection between the highly recurrent interneuron 

network in the head and the iterated motor control network in the body. They are therefore 

referred to as “command” or “pre-motor” interneurons by much of the literature to date. In a 
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recent peer-reviewed opinion article, my colleagues and I argued that “pre-motor” is a more 

appropriate title for these neurons, partially based on findings presented in this thesis (see 

section 6.2). The pre-motor interneurons’ primary role in locomotion has been confirmed 

several times over by a variety of experimental approaches (Chalfie et al., 1985; Gray et al., 

2005; Kawano et al., 2011; Piggott et al., 2011; Rakowski et al., 2013; Roberts et al., 2016; 

Tsalik and Hobert, 2003). 

 

3.8 Neuronal mechanisms underlying behavior in C. elegans 

C. elegans locomotion behavior consists of dorso-ventral rhythmic undulatory bends, 

which propagate from head to tail during forward locomotion and from tail to head during 

reverse locomotion. The frequencies and durations of forward and reverse locomotion periods 

are highly flexible depending on internal state and environmental conditions (see, for example, 

(Ben Arous et al., 2009; Gray et al., 2005; Luo et al., 2014b; Skora et al., 2018)). The work 

presented in this thesis primarily focused on animals that have recently been removed from 

their food source, and are thus in an exploratory search mode in which forward locomotion 

predominates, with reversals occurring once every ~15 seconds and lasting ~3 seconds each. 

However, even in this particular setting, these behaviors occur in a stochastic manner, such that 

both much longer and much shorter forward and reverse periods can be observed (Roberts et 

al., 2016). A third discrete behavior type that has been described is the omega turn, in which 

the worm’s body curves into the shape of the Greek letter omega, thus causing a large 

reorientation; omega turns typically follow reversals (Gray et al., 2005). However, whether 

omega turns are truly a discrete behavior type or simply the extreme end of a continuum of 

possible turn angles remains unclear (Broekmans et al., 2016; Donnelly et al., 2013; Hums et 

al., 2016). Altogether, forward locomotion, reverse locomotion, and turn maneuvers enable the 

worm to navigate its environment, for example to find food or avoid predators. Additional 
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details of these behaviors, such as differences in forward locomotion speed or steering, are also 

used for navigation and are discussed below. 

Significant progress has been made in understanding how forward and reverse 

locomotion behaviors are generated and coordinated across the worm’s body. Different sets of 

VNC neurons and upstream pre-motor interneurons have been specifically implicated in either 

forward or reverse locomotion (Chalfie et al., 1985; Gray et al., 2005; Kawano et al., 2011; 

Wicks et al., 1996). Based on anatomy and laser ablation studies, it was found that DB and VB 

neurons drive dorsal and ventral bending respectively, specifically during forward locomotion, 

while DA and VA neurons drive dorsal and ventral bending during reverse locomotion (Chalfie 

et al., 1985; Wicks et al., 1996). As mentioned above, the five pre-motor interneurons form a 

connectivity bottleneck between head ganglia neurons and these VNC motor neurons: DB and 

VB motor neuron classes receive most of their input from pre-motor interneurons AVB and 

PVC, while DA and VA classes receive input primarily from AVA, AVD, and AVE. One 

particularly elegant study showed that the antagonistic control of forward versus backward 

locomotion requires intact gap junction communication between these pre-motor interneurons 

and their respective motor neuron classes, such that the two pools of neurons maintain 

imbalanced activity during locomotion in either direction (Kawano et al., 2011). Using 

genetically encoded calcium indicators, this study provided clear neuronal activity evidence 

that forward and reverse locomotion programs are implemented by a flip-flop-like mechanism, 

with heightened activity in either the forward or reverse pre-motor interneuron classes as well 

as the respective motor neurons themselves (Kawano et al., 2011). Two major questions 

remained: (1) how are these locomotory programs implemented at the level of individual bends 

coordinated across the body? and (2) how is the frequency of flip-flops between these programs 

controlled to enable e.g. chemotactic behaviors? 
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 Both forward and reverse locomotion consist of rhythmic body bends, with forward 

locomotion bends propagating from head to tail and reverse locomotion bends propagating 

from tail to head. Rhythmic locomotory behaviors are typically driven by CPGs (see section 

3.4); however, only very recently have experiments been undertaken to identify CPGs for C. 

elegans locomotory programs. One study found rhythmic activity patterns under various 

immobilized animal conditions in a posterior A-class motor neuron, which may be responsible 

for generating individual bends during reverse locomotion (Gao et al., 2018). For forward 

locomotion, such neuronal activity evidence is lacking. In a series of careful laser ablation and 

optogenetic experiments, one study showed that different parts of the worm’s body can 

simultaneously show bending oscillations at different frequencies if communication through 

intervening segments is disrupted (Fouad et al., 2018). B-class motor neurons (B-MNs, 

including both DB and VB classes) appear responsible for driving at least some of these 

bending patterns, while the authors also posit an additional non-B-MN oscillator in the worm’s 

head (Fouad et al., 2018). However, all oscillations observed in this study could be the product 

of a reflex chain mechanism, whereby proprioception is responsible for the rhythmic bending 

pattern rather than internally generated CPG activity. The crucial missing evidence for a 

forward locomotion CPG is rhythmic activity patterns in immobilized animals that resemble 

the same neurons’ activity patterns during locomotion. Evidence for such activity in 

immobilized animals, specifically in the SMDs, a head motor neuron class, has been shown in 

an earlier study (Hendricks et al., 2012), however the authors did not explore whether the 

SMDs may indeed act as CPGs for specific behaviors. In the absence of more complete 

evidence, it remains possible that proprioception plays an indispensable role in C. elegans 

forward locomotion. Proprioceptive signals have been reported in the B-MNs (Wen et al., 

2012), the SMDs (Yeon et al., 2018), and the highly connected interneuron DVA (Li et al., 

2006b). It is likely that these signals are important for coordinating bending across the worm’s 
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body, and indeed the proprioceptive B-MN signals are capable of doing so in some settings 

(Wen et al., 2012). However, how the motor system of the worm integrates local proprioceptive 

signals into coordinated locomotion across its entire body remains unclear. Altogether, the 

generation of body bending by either CPG elements or proprioceptive mechanisms, as well as 

the coordination of bending across the body, remain important future directions. 

 Finally, sensorimotor integration in C. elegans could potentially serve as a model for 

neuronal computations (Lockery, 2011). The worm efficiently performs chemotaxis to a 

variety of cues, which requires the continuous integration of sensory and motor information, 

both time-varying as the animal moves in a sensory gradient (Chalasani et al., 2007; Gabel et 

al., 2007; Gray et al., 2004; Iino and Yoshida, 2009; Pierce-Shimomura et al., 1999). The worm 

employs several behavioral strategies for chemotaxis. By varying the frequency of 

stochastically occurring reverse-and-turn events according to the change in sensory input, the 

worm implements a biased random walk strategy: with increasing concentration of an 

attractant, reversal frequency is reduced, and vice versa, with decreasing attractant 

concentration, reversal frequency is increased (Pierce-Shimomura et al., 1999). Indeed, 

reversal frequency is strongly modulated by a variety of sensory cues, either in a gradient or 

when presented as step changes, in line with this model (Chalasani et al., 2007; 2010; Luo et 

al., 2014b; Pierce-Shimomura et al., 1999; Zimmer et al., 2009). Therefore, one primary 

question is how the nervous system uses sensory input to control reversal frequency. A large 

body of literature has suggested or identified transformations of sensory information between 

sensory neurons and so-called “first-layer” or “second-layer interneurons,” one or two synapses 

downstream of the sensory neuron (Chalasani et al., 2007; 2010; Clark et al., 2006; Gabel et 

al., 2007; Gray et al., 2005; Guillermin et al., 2017; Iino and Yoshida, 2009; Larsch et al., 2015; 

Oda et al., 2011; Tsalik and Hobert, 2003). However, other studies have reported that these 

same neurons show activity changes tightly coordinated with behavior (Laurent et al., 2015; Li 
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et al., 2014; Luo et al., 2014b; Piggott et al., 2011), and one study reported coordinated activity 

changes across the pre-motor interneuron AVA and first- and second-layer interneurons AIB 

and RIM (Gordus et al., 2015). The computations identified in the first set of studies were 

largely either inferred by laser ablation or determined by neuronal activity recordings in 

immobilized animals; how such computations occur in the context of neurons that are strongly 

modulated by ongoing activity patterns during behavior remains unclear.  

A similar issue has arisen regarding a different behavioral strategy the worm uses for 

chemotaxis, termed weathervaning. Specifically within forward locomotion periods, worms 

can make curved trajectories to steer toward an attractant sensory cue (Iino and Yoshida, 2009). 

This steering is implemented by a head-bend bias, either dorsal or ventral. As for other neurons 

in the aforementioned studies, it was found that the interneuron RIA shows signals relating to 

both sensory and motor information; however, in RIA, these signals are compartmentalized 

along the neuronal process (Hendricks et al., 2012). Whether such compartmentalization occurs 

in the interneurons implicated in reversal frequency control has not been systematically 

examined. A genetically encoded calcium indicator revealed that RIA’s motor signals correlate 

with the instantaneous head-bend angle of the worm, with dorsal and ventral bending showing 

positive correlations with signals from different regions of the RIA process (Hendricks et al., 

2012). Changes in concentration of the attractant isoamyl alcohol induce changes in activity in 

a third region of RIA’s process (Hendricks et al., 2012). An elegant follow-up study examined 

this compartmentalization in the context of chemotaxis: the authors showed that weathervaning 

can be implemented by sensory suppression of RIA motor-related activity, reducing RIA’s 

inhibition onto head motor neurons, thus enabling stronger head-bending in the direction of the 

odor (Liu et al., 2018). Together, these studies provide a detailed understanding of one way in 

which the worm implements weathervaning. One important lesson from these studies can be 

applied to the more confusing case of reversal frequency control. Crucial to understanding the 
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interplay of RIA sensory and motor signals was an examination of RIA activity in a no-odor 

condition, in comparison to the odor condition. RIA’s pure motor signals would be difficult to 

distinguish from sensory signals in a gradient environment where head-bend oscillations are 

tightly coupled to sensory input oscillations. The work in this thesis similarly benefits from 

examining motor-related signals in the absence of sensory stimuli, prior to examining how any 

ongoing motor-related activity interacts with sensory signals; it would be prudent for future 

work on C. elegans interneurons to follow these examples (Kaplan et al., 2018).  

 

3.9 Behavioral organization in C. elegans 

The organization of behavior in C. elegans is an active topic of research, with several 

interesting findings but no consensus. Two major efforts have examined worm behavior in 

constant environments, both with and without food present (Brown et al., 2013; Stephens et 

al., 2008). Quantifications of worm body posture timeseries have led, on one hand, to the 

conclusion that worm behavior is highly low-dimensional (Stephens et al., 2008), and on the 

other hand, to a large database of diverse worm behaviors (Brown et al., 2013; Yemini et al., 

2013). While these results are not necessarily in direct disagreement with one another, due to 

the different methods used, it is clear that the field is far from a consensus on the most relevant 

description of behavior. Ultimately, a satisfying description of behavior should reveal plainly 

the knobs of control that the nervous system uses to engage with its environment. Therefore, 

beyond pure analysis of behavioral data, joint inference of behavior and accompanying 

neuronal activity patterns is one way forward (Brown and de Bivort, 2018). In the work 

presented in this thesis, my colleagues and I have taken this type of approach, letting neuronal 

activity patterns guide us to relevant descriptions of behavior. 

The two types of behavioral organization described above, action sequences and multi-

timescale hierarchies, have partially been described thus far in C. elegans. However, several 
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aspects of both types of organization remain ambiguous. First, while it is clear that switches 

between reverse and forward locomotion are important, two behaviors hardly constitute an 

“action sequence.” The omega turn represents a third behavior, and interestingly, reversals are 

only occasionally followed by omega turns (Gray et al., 2005). This suggests a behavioral 

choice point at the end of the reversal, where the action sequence can proceed to an omega turn 

or not. Altogether, the worm engages in a cyclical action: sequence of forward – reverse – 

omega turn – forward (Donnelly et al., 2013; Pirri et al., 2009). However, as mentioned above, 

it remains unclear whether omega turns are truly discrete behaviors, or simply part of a 

continuum of turn angles. Second, C. elegans behavior has indeed been described on a variety 

of interacting timescales. Forward and reverse locomotion each consist of faster-timescale 

body bending behaviors. Slower timescale modulations of forward speed and reversal 

frequency are also commonly reported, for example during roaming and dwelling switches 

(Ben Arous et al., 2009) or the switch from local to global search strategies (Calhoun et al., 

2014; Gray et al., 2005). While worm behavior is clearly modulated across multiple timescales, 

how these different timescales of behavior are organized with respect to one another remains 

an open question. One analysis of behavior has indeed hinted at a hierarchical organization of 

worm body postures (Gomez-Marin et al., 2016). As mentioned above, our approach has been 

to let neuronal activity recordings guide us toward more concrete descriptions of sequenced 

and multi-timescale behavior, ultimately allowing for both a description of behavior that is 

clearly relevant to nervous system control, as well as an account of underlying neuronal 

mechanisms. 

 

3.10 Neuronal activity imaging techniques in C. elegans 

C. elegans is especially amenable to modern optical techniques for recording neuronal 

activity, thanks to its genetic tractability and its transparency. Transgenic animals expressing 
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genetically encoded calcium indicators such as GCaMP (Chen et al., 2013; Nakai et al., 2001) 

are quickly and easily produced, and they can be imaged through the transparent cuticle without 

the need for surgery. Further, C. elegans neurons are mostly non-spiking, so the graded signals 

obtained using such indicators are perhaps more faithful representations of underlying 

electrical activity and synaptic release compared to recordings in spiking neurons. Early 

developments in C. elegans optical recording techniques included the development of 

microfluidic devices to hold the worm in place and provide tight control over sensory cues such 

as odors or atmospheric gases (Chronis et al., 2007; Zimmer et al., 2009). These recordings are 

often combined with a paralytic agent such as tetramisole, an acetylcholine receptor agonist 

that contracts the worm’s muscles so that it remains almost completely immobile. Whether 

tetramisole affects neuronal dynamics via its drug action (i.e. beyond its immobilizing effects) 

remains unclear. Several groups have also developed methods enabling optical recordings in 

moving animals (Clark et al., 2007; Collins and Koelle, 2013; Faumont et al., 2011; Kawano 

et al., 2011; Larsch et al., 2013; Laurent et al., 2015; Li et al., 2014; Liu et al., 2018; Luo et al., 

2014a; Nguyen et al., 2016; Piggott et al., 2011; Venkatachalam et al., 2016). These recordings 

are typically performed in animals moving between an agar surface and a coverglass, though 

some have made recordings of animals in microfluidic devices with pillars allowing movement, 

or open agar plates. 

One major recent development in neuronal activity imaging is the advent of whole-

brain calcium imaging (Schrödel et al., 2013). In this study, a nuclear-localized GCaMP was 

developed and employed to enable segmentation of individual neurons during data analysis. 

This enabled the simultaneous recording of dozens of ~70% of head ganglia neurons with 

single-cell resolution at ~5 Hz. The authors confirmed the efficacy of nuclear-localized 

GCaMP, compared to signals recorded from the soma with cytoplasmic GCaMP, using sensory 

responses in two neuron classes. These experiments confirmed that nuclear localization caused 
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only slight alterations in signal dynamics and amplitudes, at least for the neurons tested. The 

authors reported correlated dynamics across interneuron and motor neuron classes, the function 

of which awaited further testing, which is partly presented in this thesis. Two later studies 

demonstrated brain-wide imaging in freely moving animals (Nguyen et al., 2016; 

Venkatachalam et al., 2016), though results from these methods remain so far largely 

unreported (except for (Scholz et al., 2018), discussed below). As mentioned above, the RIA 

interneuron acts via signals compartmentalized within its neuronal process; such signals, which 

have also been reported for other behaviorally relevant interneurons such as AIY, are not 

captured by current whole-brain imaging approaches measuring activity in the soma or nucleus. 

Despite this fundamental limitation, whole-brain imaging is a major technical advance and has 

enabled several important discoveries (Nichols et al., 2017; Skora et al., 2018), some of which 

are discussed below. 

 

3.11 Aims of the study 

The work presented in this thesis aims to provide an understanding of behavioral 

organization in C. elegans, for both an action sequence (Article 1) and a behavioral hierarchy 

(Article 2), in terms of underlying neuronal dynamics. Beyond the importance of such 

behavioral organization (described in sections 3.1-3.3), my colleagues and I have come to 

appreciate the need for understanding ongoing neuronal dynamics prior to the analysis of how 

these dynamics interact with sensory stimuli (Kaplan et al., 2018). Because these ongoing 

dynamics strongly relate to behavior in the worm, a thorough investigation of their coordination 

in the context of behavioral organization is essential. Both Article 1 and Article 2 are efforts in 

this direction. A strikingly similar conclusion was recently reached by researchers working in 

mice, who uncovered a brain-wide encoding of multiple behavioral variables during 

spontaneous behavior as well as task performance or visual stimulation (Musall et al., 2019; 
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Stringer et al., 2019). These dynamics are much higher-dimensional than those observed in C. 

elegans, and therefore less straightforwardly understood (Stringer et al., 2019). Thus, the 

efforts presented in this thesis toward understanding the structure of ongoing dynamics, their 

relationship to behavior, and their interaction with sensory stimulation have the potential to 

forge a path forward for neuroscience research more broadly. 

My first aim was to understand how the worm’s major motor commands are organized 

into an action sequence by its neuronal activity patterns. In Article 1, my colleagues and I 

investigated the ongoing brain-wide dynamics reported in (Schrödel et al., 2013) and their 

relationship to the C. elegans action sequence. As mentioned above, we were guided by our 

whole-brain neuronal activity data toward an understanding of the behavioral variables the 

nervous system is concerned with. As a result, we proposed a new characterization of the 

worm’s post-reversal turn: we observed a bifurcation in brain-wide dynamics at the end of 

reversal command periods, such that head-bends occurred either in a ventral or dorsal direction, 

potentially leading to large reorientations like omega turns. We found that this cyclical action 

sequence, forward – reverse – dorsal/ventral turn – forward, is encoded in low-dimensional 

population dynamics spread across the worm’s interneurons and motor neurons. We showed 

that the most interconnected neuron in the worm’s brain, the pre-motor interneuron AVA, 

previously thought to be the primary generator of reversals, is in fact not required for the 

generation of the reversal motor command. Finally, we investigated how a salient sensory input 

interacts with these dynamics to cause changes in reversal frequency. We found that the brain-

wide dynamics are robust to stimulation, failing to show anything beyond subtle quantitative 

changes, despite modulations of reversal command frequency. Thus, we concluded that the 

worm’s action sequence is embedded in global brain dynamics as a motor command sequence; 

these coordinated dynamics persist both in the absence of movement, reminiscent of CPGs for 

simple, rhythmic behaviors, as well as in response to a salient acute sensory input. 
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My second aim was to test Tinbergen’s long-standing hierarchical model for multi-

timescale behavior. In Article 2, I first identified a three-level, non-overlapping hierarchy in C. 

elegans that described how behaviors are coordinated across three timescales. This hierarchy 

obeyed the aforementioned prediction, in which switches between lower-level behaviors with 

different “hierarchs” requires switching at the upper level. My colleagues and I next aimed to 

demonstrate how this hierarchical organization is encoded in the neuronal dynamics underlying 

the behaviors. We first sought to identify neurons specifically responsible for driving each 

behavior; in doing so, we found strong evidence in favor of B-MNs and SMD neurons as CPG 

components for two different types of forward state locomotory maneuvers. We then showed 

that these neurons’ activity patterns are strictly nested within one another, with faster-timescale 

oscillations occurring within specific phases of slower-timescale dynamics; this nesting 

enforced the hierarchical behavioral relationships we observed. Importantly, these nested 

patterns were found even in immobilized animals, indicating that they are the product of 

neuronal circuit interactions. Thus, the worm’s nervous system produces dynamics that 

implement a behavioral hierarchy, providing crucial evidence in favor of Tinbergen’s decades-

old model. 
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6. Discussion 

 
 

6.1 The C. elegans action sequence is embedded in global brain dynamics 

The first aim of this thesis was to understand how the worm’s neuronal activity patterns 

are coordinated to enable its action sequence. In Article 1, my colleagues and I addressed this 

question using the novel tool of whole-brain calcium imaging. We unexpectedly discovered 

low-dimension, brain-wide, cyclical dynamics in immobilized animals. By identifying 

individual neurons contributing to these dynamics, some of which were previously shown to 

drive forward, reverse, or turn behaviors, we hypothesized that this cycle represents the worm’s 

motor commands. Indeed, by imaging these neurons and others individually in freely moving 

animals, we found their activity to be reliably and precisely coordinated with the worm’s 

instantaneous behavior. Thus, we were able to map different motor commands onto the activity 

patterns of immobilized animals. Crucially, these motor commands cycled through the same 

pattern as the worm’s action sequence, forward – reverse – turn – forward; we were even able 

to distinguish alternative motor commands for alternative dorsal or ventral turn behaviors 

following each and every reversal. We concluded from these results that the worm’s action 

sequence is generated by motor command signals that are spread across many neurons. Thus 

the worm uses low-dimensional neuronal population dynamics that cycle in a lawful fashion 

in order to produce its cyclical action sequence. Because these patterns persist in immobilized 

animals in the absence of acute sensory stimuli, it is clear that specific time-varying sensory 

inputs are not required for the progression of motor commands along their lawful trajectory, 

unlike current models for the Drosophila grooming sequence (Seeds et al., 2014). 
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6.2 A revised understanding of pre-motor interneurons 

 As described in section 3.8, previous work has implicated a group of five pre-motor 

interneurons as the primary drivers of behavior in C. elegans. The best-studied of these 

interneurons is AVA, which is also the most highly connected neuron in the worm’s nervous 

system. Three types of experiments together implicated AVA as a primary driver of reversal 

behaviors: (1) AVA was shown to be the most crucial pre-motor interneuron for reversal 

behavior by laser ablation experiments (Chalfie et al., 1985; Wicks et al., 1996); (2) 

Optogenetic stimulation of AVA effectively induces reversals at short latency (e.g. (Shipley et 

al., 2014)); and (3) AVA activity is increased during reversals (Article 1, Figure 2) (Kawano 

et al., 2011; Piggott et al., 2011). These three types of experiments, which test necessity, 

sufficiency, and activity during normal behavior, are typical not only for the interrogation of 

neurons in C. elegans, but also for functional studies of neuronal cell types in many genetic 

model organisms, including mammals (Clark et al., 2013). However, our results indicate that 

these experiments alone may result in a misleading picture of a neuron’s role in behavior. We 

found that while AVA is indeed required to generate reversal behavior in moving animals, its 

inhibition only slightly affects the brain-wide reversal command generation in immobilized 

animals (Article 1, figure 5). In fact, the entire motor command sequence proceeds normally 

in the absence of AVA activity in immobilized animals. On the basis of these data, we 

concluded that AVA plays only a very minor role in generating spontaneous reversal 

commands, and that the term “command interneuron” is therefore a misnomer. Importantly, 

we can make this conclusion only for the spontaneous reversal behaviors (and reversal motor 

commands) we describe in Article 1 (which should correspond to the reversal behaviors 

described in, for example, (Gray et al., 2005)); in contrast, escape reversal behaviors, such as 

those induced by the nociceptive sensory neuron ASH, may still involve AVA in a command 

neuron role (Chalfie et al., 1985; Guo et al., 2009; Piggott et al., 2011). In moving animals, the 
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reversal phase of the action sequence is replaced by a prolonged pausing phase, during which 

time the brain is in the reversal command state despite the lack of reversal behavior (Article 1, 

figure 5F-H). Combined with our observation of decreased A-MN activity in AVA-inhibited 

immobilized animals, these data indicate that (1) AVA is required for proper communication 

of the reversal command to motor neurons, and therefore proper execution of the reversal 

behavior and (2) feedback from affected neurons (AVA, RIM, AVE, or A-MNs), or from the 

behavioral execution itself (e.g. via proprioceptive mechanisms), is required for proper reversal 

command state duration in moving animals. We therefore concluded that AVA’s role is rather 

that of a crucial output node for communication of the brain’s command state to the motor 

neurons. Our revision of AVA’s role in reversal command generation benefited from two 

crucial approaches: (1) observing how reversal commands are generated at the brain-wide 

level, and (2) monitoring other neurons participating in behavior generation, both in the fictive 

state in immobilized animals and during altered behavior in moving animals. These findings 

provide an illustrative example of how standard necessity and sufficiency experiments that use 

behavioral readouts only may not suffice when it comes to understanding the function of 

individual components of a highly recurrent nervous system. 

 

6.3 Low-dimensional population dynamics: consequences and generality 

 The work presented in Article 1 builds upon a growing body of research describing 

behavior generation as the result of a dynamical system, the evolution of which can be captured 

by quantifications of latent dimensions within neuronal population activity (Ahrens et al., 2012; 

Allen et al., 2019; Bouchard et al., 2013; Briggman, 2005; Bruno et al., 2015; Georgopoulos 

and Carpenter, 2015; Harvey et al., 2012; Shenoy et al., 2013; Stringer et al., 2019). These 

studies were undertaken in various invertebrates and vertebrates, including mice, monkeys, and 

humans, suggesting that low-dimensional population dynamics may be a highly conserved 
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mechanism by which nervous systems encode and generate behavior. What distinguishes the 

work presented in this thesis is that we recorded activity in a brain-wide manner; thus we were 

not limited by either small samples of large neuronal populations (suggested by (Stringer et al., 

2019) to be an issue) nor by restriction to brain regions of interest. This depth and breadth of 

coverage is only so far possible in larval zebrafish, other than the worm. Further, both Articles 

1 and 2 describe the organization of multiple behaviors, rather than a single behavior. Our 

ability to record in a brain-wide manner likely enabled success in understanding complex 

behavioral patterns that may not be possible from sparser sampling approaches. Thus we 

suspect that as neuronal recording technologies improve, researchers may uncover low-

dimensional neuronal population representations behind more complex and more ethological 

behavioral repertoires. 

 

6.4 Open questions in understanding C. elegans global brain dynamics 

While the work presented in Article 1 represents a major step forward in understanding 

how the worm’s brain generates motor commands and coordinates them into an action 

sequence, several open questions remain. First, how does sensory input modulate the motor 

command sequence, for example to cause increases or decreases in reversal frequency (Article 

1 figures 6 and S7)? Both our whole-brain and freely moving animal recordings showed that 

several neurons just one synapse downstream of responsive sensory neurons faithfully encode 

instantaneous behavior, regardless of sensory environment and resulting changes in behavior. 

However, these and other first- and second-layer interneurons had previously been implicated 

in sensory input computations (Chalasani et al., 2007; 2010; Clark et al., 2006; Gabel et al., 

2007; Gray et al., 2005; Guillermin et al., 2017; Iino and Yoshida, 2009; Larsch et al., 2015; 

Oda et al., 2011; Tsalik and Hobert, 2003). Either the conditions in which these studies were 

performed (immobilized worm, short pre-stimulus periods preventing analysis of ongoing 
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activity (Kaplan et al., 2018)) led to an incorrect or incomplete picture of these neurons’ 

functions, or these neurons perform these computations on top of their instantaneous coding 

for behavior. For certain interneurons like AIY, the latter may be the case, because AIY signals 

are often recorded from the neuronal process (Chalasani et al., 2010; Li et al., 2014; Liu et al., 

2018). Measuring compartmentalized dynamics was crucial for understanding the 

sensorimotor transformation performed by RIA. Whether this is the case for other interneurons, 

like AIY, remains unclear; likewise, the extent to which important compartmentalized signals 

are missed in brain-wide soma or nuclear recordings remains unknown. Several neurons do 

show clustering of synaptic input and output sites, similar to RIA, suggesting that localized 

processing may be commonplace (White et al., 1986). Future studies examining neuron-wide 

cytoplasmic responses to sensory inputs, perhaps using red-shifted calcium indicators (Dana et 

al., 2016) in conjunction with nuclear-localized pan-neuronal GCaMP, should distinguish these 

possibilities. 

The whole-brain imaging results presented in Article 1 open up additional interesting 

avenues of investigation. How are these coordinated population dynamics produced? It remains 

possible that a small kernel of neurons generates the flip-flop forward-reverse command 

dynamics intrinsically, and sends efference copies to the other neurons that show these signals 

(though this possibility was excluded for the AVA interneuron). Alternatively, many or all 

neurons may show intrinsic bi-stable dynamics, which are then coordinated by the many 

synapses between them. Single- and multi-neuron inhibition experiments, for example using 

histamine-gated chloride channels, can address this question. Another question is how the 

functional connectome relates to the structural connectome. C. elegans is the only organism in 

which this question can currently be asked at the single-cell, brain-wide level. An important 

concern here is how each dataset is defined. First, the structural connectome has been 

reconstructed from just two individuals; it remains unclear how much the connectome varies 
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from animal to animal. Second, as discussed in Article 2, standard methods for quantifying 

functional connectivity in a pairwise manner are inadequate for the relatively sparse activity 

patterns in whole-brain recordings. The method presented in Article 2, figure 3 may be 

extended beyond the forward command periods examined there, and combined with more 

standard measures like cross-correlation, to obtain a metric for functional connectivity. These 

developments should allow a thorough investigation of the relationship between functional and 

structural connectivity in the worm, which could provide a roadmap for understanding this 

relationship in more complex brains as other connectomes become available. Another 

important question relates to the differences seen between moving and immobilized animals. 

The major difference we observed is a prolonged reversal command period. Our data show that 

both microfluidic device immobilization as well as tetramisole each individually can cause this 

effect. AVA inhibition also caused moving animals to show prolonged reversal commands 

(though animals remained paused rather than executing a reversal). A parsimonious 

explanation would be that the worm can sense whether or not its reversal command has been 

completed; this would allow it to continue its attempt at reversing in unsuccessful cases, which 

may be crucial for predator avoidance. Future work investigating this possibility could not only 

reveal an interesting proprioceptive mechanism, but could also enable the prevention of this 

effect in immobilized animals, so that immobilized worm motor command dynamics better 

resemble those in freely moving animals. This would greatly facilitate the study of 

sensorimotor transformations, because while these can be observed and therefore studied in 

immobilized animals (Article 1 figure 6), sensory effects on motor commands are less efficient 

compared to moving animals, perhaps due to the prolonged reversal. 
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6.5 The neuronal implementation of a multi-timescale behavioral hierarchy 

 The second aim of my thesis work was to test Tinbergen’s long-standing hierarchy 

model for behavior (Dawkins, 1976; Tinbergen, 1951). Specifically, a non-overlapping 

hierarchical control of behavior should have the property that switches between fast timescale 

actions belonging to different behavioral programs require switching between the programs 

themselves, one level up in the hierarchy (Dawkins, 1976). In Article 2, my colleagues and I 

describe several instances of this type of control, within the context of three different timescale 

behaviors in C. elegans. First, we showed that the B-MNs, which drive mid-level propagated-

bends, are toggled between oscillatory and inactive states depending on the state of the upper-

level forward/reverse cycle. This enforces the rule that anterior-to-posterior propagated-bends 

only occur during forward periods. Second, we described a new C. elegans behavior, which 

we termed head-casts, and we showed that head-casts are likewise restricted to forward states. 

However, unlike the B-MNs, the head-cast-driving SMD neurons are not simply switched to 

an inactive state during reversals; rather, their activity becomes lower amplitude and less 

frequent. Inhibition experiments suggested that this switch in activity pattern is accompanied 

by a switch in functional role, such that the SMDs act more like interneurons rather than motor 

neurons during reversals. Thus, animals in a reversal state can only perform propagated-bends 

and head-casts by first switching the upper-level state to forward; this is instantiated by a strict 

control of B-MN and SMD activity patterns and functional role depending on upper-level state. 

Finally, we showed that two different SMD activity patterns are phase-nested, such that the 

two co-occurring behaviors are phase-nested as well. Again, for the worm to switch from 

ventral to dorsal head-casts (from SMDV to SMDD unilateral oscillations), it would have to 

switch first one level up, to the correct phase of the propagated-bend cycle (of the SMD 

alternation cycle). Altogether, these results show that these worm behaviors exhibit a strict, 

non-overlapping hierarchical organization, and that this organization is implemented by nested 
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neuronal interactions in which slow timescale dynamics maintain tight control over faster 

timescale ones. Importantly, at least for the SMD neurons, the circuit architecture underlying 

these nested dynamics is not obviously hierarchical (White et al., 1986); therefore several 

aspects of behavioral organization could not have been predicted from the connectome alone, 

but required neuronal activity data in addition. This work provides crucial mechanistic support 

for Tinbergen’s hierarchy model; further, these mechanisms involve nested neuronal dynamics 

similar to those described in a wide variety of other species (Buzsáki et al., 2013; Fayyazuddin 

and Dickinson, 1999; Hyafil et al., 2015; Moore et al., 2013; Putney et al., 2019; Sponberg and 

Daniel, 2012), suggesting potentially broad generality. 

 

6.6 Nested neuronal dynamics: consequences and generality 

 The important role for nested neuronal dynamics that my colleagues and I described in 

Article 2 may have broad implications for understanding neuronal activity patterns more 

generally. Especially in the mammalian brain, neuronal dynamics spanning a wide variety of 

timescales occur simultaneously, with significant interactions between different timescales 

(Buzsáki et al., 2013; Hyafil et al., 2015). However, the behavioral relevance of many of these 

different timescale patterns and interactions remains unclear (Hyafil et al., 2015). Our work 

suggests that neuronal dynamics can have considerable cross-timescale interactions, resulting 

in specific effects on behavioral output. The best example of this is the switch in SMD 

functional role. Without knowledge of the slow-timescale forward/reverse state, could an 

observer understand the function of SMD’s faster timescale activity? While SMD activity 

patterns do show differences between forward and reverse states, there remains variability in 

SMD peak amplitude within each state, such that the behavioral impact of each SMD peak may 

be ambiguous without reference to the current forward/reverse command state. However, 

knowledge of this longer-timescale state allows an observer (or other neurons) to better 
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interpret the functional impact of each SMD activity peak. Therefore, especially with regard to 

faster-timescale activities, knowledge of activity in other neuronal classes, even (or especially) 

if they act on different timescales, is crucial to understanding how certain neurons affect 

behavior. Fast neuronal activity recordings of sufficient duration do capture multiple co-

occurring timescales of dynamics; future researchers should take advantage of this to examine 

cross-timescale effects, especially top-down ones, in which slower modulations may impact 

faster-timescale activity patterns and functions (Clark et al., 2013) as we have observed. 

 The experiments in Article 2 reveal a non-overlapping hierarchical organization of 

behavior at the level of motor actions; the slower-timescale behavioral state switch between 

roaming and dwelling is not well-described by this model. Roaming and dwelling switches can 

rather be described as part of a less strict, overlapping hierarchy model, because each state 

makes use of the same behaviors (forward, reverse, propagated-bends, head-casts), only with 

different frequencies. Therefore, both forward and reverse states each have both roaming and 

dwelling as “hierarchs,” resulting in an overlapping hierarchy (Dawkins, 1976). This is in line 

with recent work suggesting hierarchical organization in various species at the level of motor 

control (Berman et al., 2016; Berwick et al., 2011; Glaze and Troyer, 2007; Markowitz et al., 

2018; Marques et al., 2018; Moore et al., 2013) rather than at the level of slower-timescale 

behavioral states (Dawkins, 1976; Tinbergen, 1951). Phase-nesting in particular resembles 

recent descriptions of motor control in both mammals and insects. Orofacial behaviors in mice 

such as breathing and whisking show a similar organization as the worm’s phase-nested 

behaviors, and anatomy supports a hierarchical interaction between the respective CPG pools 

(Moore et al., 2013). Several orofacial behaviors target overlapping muscles on the face of the 

mouse; similarly, propagated-bends and head-casts target overlapping neck muscles. This 

suggests that one role of hierarchical organization is to coordinate motor actions that could 

otherwise be in conflict. Finally, the impact of motor neurons controlling flight in insects 
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depends crucially on the phase of the wing beat cycle (Fayyazuddin and Dickinson, 1999; 

Putney et al., 2019; Sponberg and Daniel, 2012). Altogether, these findings suggest that 

hierarchical interactions between motor commands on different timescales, such as those 

described in Article 2, might represent a highly conserved form of motor control across the 

animal kingdom.  

 

6.7 Open questions in understanding C. elegans nested neuronal dynamics 

 While Article 2 establishes nested neuronal dynamics as a key component of C. elegans 

behavioral organization, several open questions remain. First, the ever-expanding genetic 

toolkit of C. elegans can be used to dissect the cellular and synaptic bases for specific nested 

interactions. For example, how does the forward/reverse cycle impinge upon SMD dynamics 

and function? Several interneurons that are active specifically during forward or reverse phases 

are well-positioned to impact SMD, either through chemical synapses (e.g. AIB), gap junctions 

(e.g. RIB), or neuromodulators (e.g. tyramine from RIM (Alkema et al., 2005)). Further, the 

SMD neurons are capable of signaling via both acetylcholine and GABA (Gendrel et al., 2016). 

Presumably their positive correlation with head-bend angle is a result of excitatory cholinergic 

signaling; in contrast, how the SMDs play a potent interneuron-like role in reversal termination 

is unclear. One possibility is that GABA is specifically released during reversals, or 

alternatively, only affects neurons that are active during reversals. However, SMD’s 

postsynaptic partners do not consist of any reverse-active neurons, so the connectome does not 

provide any hints in this direction. A further question is how phase-nesting between SMDD 

and SMDV is maintained. The SMDs have reciprocal synapses between each other that could 

support reciprocal inhibition; however, RIA may also be involved (Hendricks et al., 2012; Liu 

et al., 2018). On another note, the data in Article 2 support the idea that the SMDs, perhaps 

along with the RMEs, form a CPG. However, whole-brain imaging does not capture signals in 
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neuronal processes, such as SMD-dependent RIA signals (Hendricks et al., 2012). Therefore, 

it remains possible that the SMDs are simply outputs of a CPG somewhere upstream, which 

our whole-brain imaging setup may not be sensitive to. One way to address this would be to 

record GCaMP signals from dissociated C. elegans neurons (Kobayashi et al., 2016), including 

SMDs, to try to capture oscillatory activity patterns in the absence of synaptic inputs. 

Alternatively, one could express histamine-gated chloride channels pan-neuronally except in 

SMDs and RMEs, to try to reconstitute oscillatory activity patterns in a silenced brain 

background. 

 Another major direction regards the functional roles of phase-nesting and head-casting. 

Our data suggest that head-casting can serve both local exploration and local exploitation, 

depending on behavioral context (Article 2 figure 7); however, head-casts could play a 

prominent role in chemotaxis navigation, as similar behaviors do in Drosophila larvae (Gomez-

Marin et al., 2011). Phase-nesting between propagated-bends and head-casts could be 

important for coordinating behaviors that make use of overlapping muscles, to prevent 

conflicting motor output. To test this, one could find a way to desynchronize SMD alternations 

from propagated-bends, so that SMD head-cast activity occurs at random times with respect to 

the propagated-bend phase. One possibility is that SMD alternations are synchronized with 

propagated-bends by proprioception (Yeon et al., 2018); however, our preliminary results 

suggest that the channels proposed to confer proprioceptive properties to SMD neurons are not 

required for SMD’s behavior synchronization, so other methods would have to be used, such 

as laser surgery to remove SMD’s non-synaptic, putatively proprioceptive processes (White et 

al., 1986). Another tantalizing possibility is that because the SMDs maintain clear relationships 

with head-bend angle during both head-casts and propagated-bends, SMD phase information 

may be used for the animal to properly integrate sensory inputs with respect to head-bend 

phase, for example during weathervaning (Iino and Yoshida, 2009; Liu et al., 2018; Lockery, 
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2011). If this is the case, sensory information should be integrated differentially depending on 

SMD phase even in immobilized animals. Specific phase windows for sensory integration have 

been proposed for both insects (Gupta et al., 2016) and mammals (Buzsáki and Draguhn, 2004; 

Yuste et al., 2005). Future investigations into nested neuronal dynamics therefore hold promise 

for further generalizable findings.  

 

6.8 An extension of the CPG concept to more complex behavioral organization 

 In section 3.4, I introduced the concept of the CPG. The crucial feature of a CPG is that 

in a reduced animal preparation (e.g. deafferented, or ex vivo) in which behavior is not 

executed, neuronal dynamics resembling behavioral patterns can be measured. The discovery 

of CPGs was powerful in two respects: (1) their existence proves that several features of 

behavioral output are intrinsic to the neuronal networks that produce the behavior, rather than 

requiring sensory input such as feedback from behavioral execution, and (2) they enable 

experiments in simplified settings (i.e. non-moving preparations without any need to control 

sensory input) to examine the production of intrinsic network dynamics alone (Marder and 

Bucher, 2001). Then, the reduced preparation can be compared to the intact one during 

behavior, to determine which components of the behavior are guided or modulated by sensory 

inputs. The results from both Articles 1 and 2 suggest that the worm’s encoding of its action 

sequence, as well as certain aspects of its hierarchically organized behavior, exhibit CPG-like 

properties. The motor command sequence, phase-nested SMD dynamics, and forward/reverse 

command cycle modulation of B-MN and SMD neurons can all be captured in immobilized 

animals, with several key features retained from the freely moving case. As with CPGs, these 

discoveries have two major implications: (1) these features of higher-order behavioral 

organization are the product of intrinsic neuronal network interactions, modulated by but not 

requiring time-varying sensory inputs, and (2) therefore, these intrinsic circuit interactions may 
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be dissected in the immobilized worm preparation, and their interaction with sensory feedback 

can be examined by comparison to moving animals. Therefore, at least for the worm, the CPG 

concept can be extended beyond simple rhythmic behaviors to more complex, non-rhythmic, 

multi-action, and multi-timescale behavioral organizations like action sequences and 

hierarchies. The extent to which this result is generalizable beyond C. elegans awaits studies 

in other species, which may require novel reduced animal preparations that produce neuronal 

dynamics bearing some resemblance to intact neuronal activity patterns during behavior. 

 

6.9 The immobilized animal preparation: strengths and weaknesses 

 In both Articles 1 and 2, my colleagues and I compared neuronal activity patterns in 

freely moving versus immobilized animals, and found numerous similarities and differences. 

This approach proved highly informative, especially for distinguishing aspects of behavioral 

organization that can be pinned down to specific neuronal circuit interactions, as opposed to 

resulting from sensory input during behavioral execution (see section 6.8). Immobilization was 

originally an unfortunate but necessary step for whole-brain imaging; now, however, we view 

immobilized worm imaging as an important component of our research. The worm has several 

potential sources of proprioceptive input (Li et al., 2006a; Wen et al., 2012; Yeon et al., 2018), 

which have even been observed in various motor neuron classes; thus recordings in moving 

animals cannot easily distinguish motor command signals from proprioceptive feedback 

signals. Still, many questions cannot be addressed in the immobilized worm only, and we 

indeed observed several differences between certain neurons’ activities in immobilized versus 

moving conditions. One prominent example is the prolonged reversal state in immobilized 

animals (see section 6.4). We also observed that reversal-active neurons show little amplitude 

variation between reversal commands in immobilized animals, yet varied strongly in amplitude 

between reversals in moving animals (Article 1). Another difference was that the frequencies 
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of SMD and DB oscillations were about an order of magnitude slower in immobilized animals 

versus moving ones (Article 2); such a reduction in frequency has been observed for CPGs in 

other species (Fox, 2006; Goulding, 2009). Altogether, moving animals show additional 

proprioceptive signals, additional amplitude variations, and higher frequencies of activity. 

While we validated that these changes do not affect our conclusions in Articles 1 and 2, it 

remains likely that whole-brain imaging in moving animals will result in a markedly different, 

likely higher-dimensional picture of brain-wide as well as single-neuron activity. One study 

has reported exactly that (Scholz et al., 2018). However, my colleagues and I argue that this 

preprint (1) understates our expectation of differences between moving and immobilized 

animals, stated in Article 1, and (2) does not convincingly demonstrate that the GCaMP signals 

reported are sufficiently lacking in movement artifacts. This last point is underscored by the 

apparent lack of reproduction of several results obtained by multiple research groups including 

ours, such as RIB’s relationship to the worm’s instantaneous forward locomotion speed. It 

should be further emphasized that our comparison of individual neurons’ activities in 

immobilized versus moving conditions not only confirms many of our interpretations from 

immobilized animal data, but also allows us to draw several conclusions that would not be 

possible otherwise, such as which neurons or interactions do and do not require proprioceptive 

input. Altogether, the work presented in Articles 1 and 2 illustrates how multiple approaches 

and experimental setups can be combined to produce insights in a highly synergistic manner.  

 

6.10 Conclusions 

 In this thesis, I aimed to provide dynamical and mechanistic neuronal activity 

descriptions for two types of behavioral organization in C. elegans: an action sequence and a 

multi-timescale hierarchy. In Article 1, my colleagues and I showed that the worm’s action 

sequence is embedded in low-dimensional, brain-wide population dynamics. Further, these 
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dynamics persist in the absence of behavioral execution as a motor command sequence, similar 

to how CPGs drive simpler rhythmic behaviors. In this context, we redefined the role of the 

worm’s most connected neuron, AVA, showing that it is in fact dispensable for spontaneous 

reversal command generation and is rather required only for communicating this reversal 

command state to downstream motor neurons. We further showed that the worm’s latent 

behavioral command generation is robust to a sensory input, even when that input modifies 

command frequencies. In Article 2, we described a previously unreported C. elegans behavior, 

head-casting, and showed that its execution depends crucially on the phase of the slower-

timescale propagated-bend cycle; we termed this relationship phase-nesting. We further 

showed that both behaviors are restricted to forward locomotion periods. Altogether, these 

strict organizational rules of worm behavior form a three-level hierarchy. We went on to 

identify putative CPGs for both propagated-bends and head-casts, and showed how interactions 

between those CPGs, as well as with the brain-wide dynamics described in Article 1, 

implement the organizational rules that make up the behavioral hierarchy. Thus, we provided 

crucial support for Tinbergen’s model of hierarchical behavioral organization, and in doing so, 

discovered that the nested neuronal oscillations that implement the behavioral hierarchy are a 

repeated dynamical motif of the C. elegans nervous system. We concluded Article 2 by 

showing how both a salient sensory input and an internal state change can act via these nested 

dynamics to cause ethologically relevant behavioral changes. 

 This work bears potential relevance to the neuroscience community beyond C. elegans 

in at least three ways. First, we expect that the results of Article 1 foreshadow widespread latent 

state behavior encoding in other animals (Ahrens et al., 2012; Musall et al., 2019; Stringer et 

al., 2019), as new technologies become available approaching the scope of what can be 

accomplished in the worm. Second, the nested neuronal dynamics in Article 2 resemble similar 

cross-timescale interactions in a wide variety of other species, many of which remain 
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functionally mysterious. We find clear behavioral correlates for multi-timescale interactions in 

the worm, opening up avenues of investigation for how and why they arise. Third, our 

unprecedented access to single-cell brain-wide neuronal activity recordings has led us to 

descriptions of behavioral organization. This is not because we set out to study behavioral 

organization specifically, but rather because we found clear, highly invariable relationships 

between neuronal activities that begged for functional explanations – and we found those 

explanations in the worm’s action sequence and a multi-timescale behavioral hierarchy. This 

suggests that a primary function of the nervous system is to produce behavioral output that is 

strictly organized temporally. Early thinkers in ethology (Dawkins, 1976; Lashley, 1951; 

Moltz, 1961; Slater, 1973; Tinbergen, 1951) focused on these and other types of behavioral 

organization, and increasingly more attention has been paid to behavioral organization in recent 

years (Berman et al., 2016; Brown and de Bivort, 2018; Brown et al., 2013; Krakauer et al., 

2017; Markowitz et al., 2018; Marques et al., 2018; McKellar et al., 2019; Moore et al., 2013; 

Seeds et al., 2014; Stephens et al., 2008; Wiltschko et al., 2015). The degree to which C. 

elegans brain activity is devoted to behavioral organization, as described in this thesis, is a 

testament to ongoing work in this direction. 

 



References   Thesis Page #182 

7. References 

 
Ahrens, M.B., Li, J.M., Orger, M.B., Robson, D.N., Schier, A.F., Engert, F., and Portugues, 

R. (2012). Brain-wide neuronal dynamics during motor adaptation in zebrafish. Nature 19, 

519–534. 

Ahrens, M.B., Orger, M.B., Robson, D.N., Li, J.M., and Keller, P.J. (2013). Whole-brain 

functional imaging at cellular resolution using light-sheet microscopy. Nat Meth 10, 413–

420. 

Alkema, M.J., Hunter-Ensor, M., Ringstad, N., and Horvitz, H.R. (2005). Tyramine 

Functions Independently of Octopamine in the Caenorhabditis elegans Nervous System. 

Neuron 46, 247–260. 

Allen, W.E., Chen, M.Z., Pichamoorthy, N., Tien, R.H., Pachitariu, M., Luo, L., and 

Deisseroth, K. (2019). Thirst regulates motivated behavior through modulation of brainwide 

neural population dynamics. Science 364, eaav3932. 

Ausborn, J., Stein, W., and Wolf, H. (2007). Frequency Control of Motor Patterning by 

Negative Sensory Feedback. Journal of Neuroscience 27, 9319–9328. 

Barclay, J.W., Morgan, A., and Burgoyne, R.D. (2012). Neurotransmitter release mechanisms 

studied in Caenorhabditis elegans. Cell Calcium 52, 289–295. 

Ben Arous, J., Laffont, S., and Chatenay, D. (2009). Molecular and Sensory Basis of a Food 

Related Two-State Behavior in C. elegans. PLoS ONE 4, e7584–e7588. 

Bentley, B., Branicky, R., Barnes, C.L., Chew, Y.L., Yemini, E., Bullmore, E.T., Vértes, 

P.E., and Schafer, W.R. (2016). The Multilayer Connectome of Caenorhabditis elegans. 

PLoS Comput Biol 12, e1005283–31. 

Berman, G.J., Bialek, W., and Shaevitz, J.W. (2016). Predictability and hierarchy in 

Drosophilabehavior. Proc Natl Acad Sci USA 113, 11943–11948. 

Berwick, R.C., Okanoya, K., Beckers, G.J.L., and Bolhuis, J.J. (2011). Songs to syntax: the 

linguistics of birdsong. Trends in Cognitive Sciences 15, 113–121. 

Bouchard, K.E., Mesgarani, N., Johnson, K., and Chang, E.F. (2013). Functional organization 

of human sensorimotor cortex for speech articulation. Nature 1–8. 

Briggman, K.L. (2005). Optical Imaging of Neuronal Populations During Decision-Making. 

Science 307, 896–901. 

Broekmans, O.D., Rodgers, J.B., Ryu, W.S., and Stephens, G.J. (2016). Resolving coiled 

shapes reveals new reorientation behaviors in C. elegans. eLife 5, e17227. 

Brown, A.E., and de Bivort, B. (2018). Ethology as a physical science. Nature Physics 1–5. 

Brown, A.E.X., Yemini, E.I., Grundy, L.J., Jucikas, T., and Schafer, W.R. (2013). A 

dictionary of behavioral motifs reveals clusters of genes affecting Caenorhabditis elegans 

locomotion. Proc Natl Acad Sci USA 110, 791–796. 



References   Thesis Page #183 

Bruno, A.M., Frost, W.N., and Humphries, M.D. (2015). Modular Deconstruction Reveals 

the Dynamical and Physical Building Blocks of a Locomotion Motor Program. Neuron 86, 

304–318. 

Buzsáki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks. Science 

304, 1926–1929. 

Buzsáki, G., Logothetis, N., and Singer, W. (2013). Scaling Brain Size, Keeping Timing: 

Evolutionary Preservation of Brain Rhythms. Neuron 80, 751–764. 

Calhoun, A.J., Chalasani, S.H., and Sharpee, T.O. (2014). Maximally informative foraging by 

Caenorhabditis elegans. eLife 3, 8616–13. 

Chalasani, S.H., Chronis, N., Tsunozaki, M., Gray, J.M., Ramot, D., Goodman, M.B., and 

Bargmann, C.I. (2007). Dissecting a circuit for olfactory behaviour in Caenorhabditis 

elegans. Nature 450, 63–70. 

Chalasani, S.H., Kato, S., Albrecht, D.R., Nakagawa, T., Abbott, L.F., and Bargmann, C.I. 

(2010). Neuropeptide feedback modifies odor-evoked dynamics in Caenorhabditis elegans 

olfactory neurons. Nat Neurosci 13, 615–621. 

Chalfie, M., Sulston, J.E., White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1985). 

The neural circuit for touch sensitivity in Caenorhabditis elegans. Journal of Neuroscience 5, 

956–964. 

Chen, T.-W., Wardill, T.J., Sun, Y., Pulver, S.R., Renninger, S.L., Baohan, A., Schreiter, 

E.R., Kerr, R.A., Orger, M.B., Jayaraman, V., et al. (2013). Ultrasensitive fluorescent 

proteins for imaging neuronal activity. Nature 499, 295–300. 

Chronis, N., Zimmer, M., and Bargmann, C.I. (2007). Microfluidics for in vivo imaging of 

neuronal and behavioral activity in Caenorhabditis elegans. Nat Meth 4, 727–731. 

Churchland, M.M., Cunningham, J.P., Kaufman, M.T., Foster, J.D., Nuyujukian, P., Ryu, 

S.I., and Shenoy, K.V. (2012). Neural population dynamics during reaching. Nature 487, 51–

56. 

Clark, D.A., Biron, D., Sengupta, P., and Samuel, A.D.T. (2006). The AFD Sensory Neurons 

Encode Multiple Functions Underlying Thermotactic Behavior in Caenorhabditis elegans. J. 

Neurosci. 26, 7444–7451. 

Clark, D.A., Gabel, C.V., Gabel, H., and Samuel, A.D.T. (2007). Temporal Activity Patterns 

in Thermosensory Neurons of Freely Moving Caenorhabditis elegans Encode Spatial 

Thermal Gradients. J. Neurosci. 27, 6083–6090. 

Clark, D.A., Freifeld, L., and Clandinin, T.R. (2013). Mapping and Cracking Sensorimotor 

Circuits in Genetic Model Organisms. Neuron 78, 583–595. 

Collins, K.M., and Koelle, M.R. (2013). Postsynaptic ERG Potassium Channels Limit 

Muscle Excitability to Allow Distinct Egg-Laying Behavior States in Caenorhabditis elegans. 

J. Neurosci. 33, 761–775. 



References   Thesis Page #184 

Dana, H., Mohar, B., Sun, Y., Narayan, S., Gordus, A., Hasseman, J.P., Tsegaye, G., Holt, 

G.T., Hu, A., Walpita, D., et al. (2016). Sensitive red protein calcium indicators for imaging 

neural activity. eLife 5. 

Dankert, H., Wang, L., Hoopfer, E.D., Anderson, D.J., and Perona, P. (2009). Automated 

monitoring and analysis of social behavior in Drosophila. Nat Meth 6, 297–303. 

Dawkins, R. (1976). Hierarchical organisation: A candidate principle for ethology. In 

Growing Points in Ethology, (Oxford, England: Cambridge U Press SN -). 

de Bono, M., and Bargmann, C.I. (1998). Natural variation in a neuropeptide Y receptor 

homolog modifies social behavior and food response in C. elegans. Cell 94, 679–689. 

Dickson, B.J. (2008). Wired for sex: the neurobiology of Drosophila mating decisions. 

Science 322, 904–909. 

Donnelly, J.L., Clark, C.M., Leifer, A.M., Pirri, J.K., Haburcak, M., Francis, M.M., Samuel, 

A.D.T., and Alkema, M.J. (2013). Monoaminergic Orchestration of Motor Programs in a 

Complex C. elegans Behavior. PLoS Biol 11, e1001529–17. 

Faumont, S., Rondeau, G., Thiele, T.R., Lawton, K.J., McCormick, K.E., Sottile, M., 

Griesbeck, O., Heckscher, E.S., Roberts, W.M., Doe, C.Q., et al. (2011). An Image-Free 

Opto-Mechanical System for Creating Virtual Environments and Imaging Neuronal Activity 

in Freely Moving Caenorhabditis elegans. PLoS ONE 6, e24666–12. 

Fayyazuddin, A., and Dickinson, M.H. (1999). Convergent mechanosensory input structures 

the firing phase of a steering motor neuron in the blowfly, Calliphora. Journal of 

Neurophysiology 82, 1916–1926. 

Fouad, A.D., Teng, S., Mark, J.R., Liu, A., Alvarez-Illera, P., Ji, H., Du, A., Bhirgoo, P.D., 

Cornblath, E., Guan, S.A., et al. (2018). Distributed rhythm generators underlie 

Caenorhabditis elegans forward locomotion. eLife 7, e29913. 

Fox, L.E. (2006). Coordination and Modulation of Locomotion Pattern Generators in 

Drosophila Larvae: Effects of Altered Biogenic Amine Levels by the Tyramine beta 

Hydroxlyase Mutation. Journal of Neuroscience 26, 1486–1498. 

Franklin, D.W., and Wolpert, D.M. (2011). Computational Mechanisms of Sensorimotor 

Control. 1–18. 

Gabel, C.V., Gabel, H., Pavlichin, D., Kao, A., Clark, D.A., and Samuel, A.D.T. (2007). 

Neural Circuits Mediate Electrosensory Behavior in Caenorhabditis elegans. J. Neurosci. 27, 

7586–7596. 

Gao, S., Guan, S.A., Fouad, A.D., Meng, J., Kawano, T., Huang, Y.-C., Li, Y., Alcaire, S., 

Hung, W., Lu, Y., et al. (2018). Excitatory motor neurons are local oscillators for backward 

locomotion. eLife 7, e29915. 

Gendrel, M., Atlas, E.G., and Hobert, O. (2016). A cellular and regulatory map of the 

GABAergic nervous system of C. elegans. eLife 5, e17686. 



References   Thesis Page #185 

Georgopoulos, A.P., and Carpenter, A.F. (2015). ScienceDirect Coding of movements in the 

motor cortex. Current Opinion in Neurobiology 33, 34–39. 

Glaze, C.M., and Troyer, T.W. (2007). Behavioral Measurements of a Temporally Precise 

Motor Code for Birdsong. Journal of Neuroscience 27, 7631–7639. 

Gomez-Marin, A., Stephens, G.J., and Brown, A.E.X. (2016). Hierarchical compression of 

Caenorhabditis eleganslocomotion reveals phenotypic differences in the organization of 

behaviour. J. R. Soc. Interface 13, 20160466–20160469. 

Gomez-Marin, A., Stephens, G.J., and Louis, M. (2011). Active sampling and decision 

making in Drosophila chemotaxis. Nature Communications 2, 441–10. 

Gordus, A., Pokala, N., Levy, S., Flavell, S.W., and Bargmann, C.I. (2015). Feedback from 

Network States Generates Variability in a Probabilistic Olfactory Circuit. Cell 1–23. 

Goulding, M. (2009). Circuits controlling vertebrate locomotion: moving in a new direction. 

1–12. 

Gray, J.M., Hill, J.J., and Bargmann, C.I. (2005). A circuit for navigation in Caenorhabditis 

elegans. Proc. Natl. Acad. Sci. U.S.a. 102, 3184. 

Gray, J.M., Karow, D.S., Lu, H., Chang, A.J., Chang, J.S., Ellis, R.E., Marletta, M.A., and 

Bargmann, C.I. (2004). Oxygen sensation and social feeding mediated by a C. elegans 

guanylate cyclase homologue. Nature 430, 317–322. 

Guillermin, M.L., Carrillo, M.A., and Hallem, E.A. (2017). A Single Set of Interneurons 

Drives Opposite Behaviors in C.&nbsp;elegans. Current Biology 1–23. 

Guo, Z.V., Hart, A.C., and Ramanathan, S. (2009). Optical interrogation of neural circuits in 

Caenorhabditis elegans. Nat Meth 6, 891–896. 

Gupta, N., Singh, S.S., and Stopfer, M. (2016). Oscillatory integration windows in neurons. 

Nature Communications 7, 13808. 

Harvey, C.D., Coen, P., and Tank, D.W. (2012). Choice-specific sequences in parietal cortex 

during a virtual-navigation decision task. Nature 484, 62–68. 

Haspel, G., and O'Donovan, M.J. (2011). A Perimotor Framework Reveals Functional 

Segmentation in the Motoneuronal Network Controlling Locomotion in Caenorhabditis 

elegans. J. Neurosci. 31, 14611–14623. 

Hendricks, M., Ha, H., Maffey, N., and Zhang, Y. (2012). Compartmentalized calcium 

dynamics in a C. elegans interneuron encode head movement. Nature 487, 99–103. 

Hills, T.T., Todd, P.M., Lazer, D., Redish, A.D., Couzin, I.D., the Cognitive Search Research 

Group9 (2015). Exploration versus exploitation in space, mind, and society. Trends in 

Cognitive Sciences 19, 46–54. 

Hubel, D.H., and Wiesel, T.N. (1962). Receptive fields, binocular interaction and functional 

architecture in the cat's visual cortex. J Physiol 160, 106–154. 



References   Thesis Page #186 

Hums, I., Riedl, J., Mende, F., Kato, S., Kaplan, H.S., Latham, R., Sonntag, M., Traunmüller, 

L., and Zimmer, M. (2016). Regulation of two motor patterns enables the gradual adjustment 

of locomotion strategy in Caenorhabditis elegans. eLife 5, e14116. 

Hyafil, A., Giraud, A.-L., Fontolan, L., and Gutkin, B. (2015). Neural Cross-Frequency 

Coupling: Connecting Architectures, Mechanisms, and Functions. Trends in Neurosciences 

38, 725–740. 

Iino, Y., and Yoshida, K. (2009). Parallel Use of Two Behavioral Mechanisms for 

Chemotaxis in Caenorhabditis elegans. J. Neurosci. 29, 5370–5380. 

Jin, X., and Costa, R.M. (2015). ScienceDirect Shaping action sequences in basal ganglia 

circuits. Current Opinion in Neurobiology 33, 188–196. 

Kaplan, H.S., Nichols, A.L.A., and Zimmer, M. (2018). Sensorimotor integration in 

Caenorhabditis elegans: a reappraisal towards dynamic and distributed computations. Philos. 

Trans. R. Soc. Lond., B, Biol. Sci. 373, 20170371–12. 

Kawano, T., Po, M.D., Gao, S., Leung, G., Ryu, W.S., and Zhen, M. (2011). An Imbalancing 

Act: Gap Junctions Reduce the Backward Motor Circuit Activity to Bias C. elegans for 

Forward Locomotion. Neuron 72, 572–586. 

Kobayashi, K., Nakano, S., Amano, M., Tsuboi, D., Nishioka, T., Ikeda, S., Yokoyama, G., 

Kaibuchi, K., and Mori, I. (2016). Single-Cell Memory Regulates a Neural Circuit for 

Sensory Behavior. CellReports 14, 11–21. 

Krakauer, J.W., Ghazanfar, A.A., Gomez-Marin, A., MacIver, M.A., and Poeppel, D. (2017). 

Neuroscience Needs Behavior: Correcting a Reductionist Bias. Neuron 93, 480–490. 

Kwon, N., Hwang, A.B., You, Y.-J., V Lee, S.-J., and Ho Je, J. Dissection of C. elegans 

behavioral genetics in 3-D environments. Sci Rep 5, 9564EP–. 

Kwon, N., Pyo, J., Lee, S.-J., and Je, J.H. (2013). 3-D Worm Tracker for Freely Moving C. 

elegans. PLoS ONE 8, e57484–e57486. 

Larsch, J., Ventimiglia, D., Bargmann, C.I., and Albrecht, D.R. (2013). High-throughput 

imaging of neuronal activity in Caenorhabditis elegans. Proc Natl Acad Sci USA 110, 

E4266–E4273. 

Larsch, J., Flavell, S.W., Liu, Q., Gordus, A., Albrecht, D.R., and Bargmann, C.I. (2015). A 

Circuit for Gradient Climbing in C. elegans Chemotaxis. CellReports 1–40. 

Lashley, K.S. (1951). The problem of serial order in behavior. In Cerebral Mechanisms in 

Behavior; the Hixon Symposium, (Oxford, England: Wiley SN -), pp. 112–146. 

Laurent, P., Soltesz, Z., Nelson, G.M., Chen, C., Arellano-Carbajal, F., Levy, E., and de 

Bono, M. (2015). Decoding a neural circuit controlling global animal state in C. elegans. 

eLife 4. 

Li, W., Feng, Z., Sternberg, P.W., and Shawn Xu, X.Z. (2006). A C. elegans stretch receptor 

neuron revealed by a mechanosensitive TRP channel homologue. Nature 440, 684–687. 



References   Thesis Page #187 

Li, Z., Liu, J., Zheng, M., and Xu, X.Z.S. (2014). Encoding of Both Analog- and Digital-like 

Behavioral Outputs by One C.&nbsp;elegans Interneuron. Cell 159, 751–765. 

Liu, H., Yang, W., Wu, T., Duan, F., Soucy, E., Jin, X., and Zhang, Y. (2018). Cholinergic 

Sensorimotor Integration Regulates Olfactory Steering. Neuron 97, 390–405.e393. 

Liu, P., Chen, B., Mailler, R., and Wang, Z.-W. (2017). Antidromic-rectifying gap junctions 

amplify chemical transmission at functionally mixed electrical-chemical synapses. Nature 

Communications 8, 1–16. 

Lockery, S.R. (2011). The computational worm: spatial orientation and its neuronal basis in 

C. elegans. Current Opinion in Neurobiology 21, 782–790. 

Long, M.A., Jin, D.Z., and Fee, M.S. (2010). Support for a synaptic chain model of neuronal 

sequence generation. Nature 468, 394–399. 

Luo, L., Wen, Q., Ren, J., Hendricks, M., Gershow, M., Qin, Y., Greenwood, J., Soucy, E.R., 

Klein, M., Smith-Parker, H.K., et al. (2014). Dynamic Encoding of Perception, Memory, and 

Movement in a C. elegans Chemotaxis Circuit. Neuron 82, 1115–1128. 

Marder, E., and Bucher, D. (2001). Central pattern generators and the control of rhythmic 

movements. 1–11. 

Marder, E. (2009). Electrical Synapses: Rectification Demystified. Current Biology 19, R34–

R35. 

Markowitz, J.E., Gillis, W.F., Beron, C.C., Neufeld, S.Q., Robertson, K., Bhagat, N.D., 

Peterson, R.E., Peterson, E., Hyun, M., Linderman, S.W., et al. (2018). The Striatum 

Organizes 3D Behavior via Moment-to- Moment Action Selection. Cell 1–33. 

Marques, J.C., Lackner, S., Félix, R., and Orger, M.B. (2018). Structure of the Zebrafish 

Locomotor Repertoire Revealed with Unsupervised Behavioral Clustering. Current Biology 

1–34. 

McKellar, C.E., Lillvis, J.L., Bath, D.E., Fitzgerald, J.E., Cannon, J.G., Simpson, J.H., and 

Dickson, B.J. (2019). Threshold-Based Ordering of Sequential Actions during Drosophila 

Courtship. Current Biology 29, 426–434.e426. 

Moltz, H. (1961). The fixed action pattern: empirical properties and theoretical implications. 

Recent Adv Biol Psychiatry 4, 69–85. 

Moore, J.D., Deschênes, M., Furuta, T., Huber, D., Smear, M.C., Demers, M., and Kleinfeld, 

D. (2013). Hierarchy of orofacial rhythms revealed through whisking and breathing. Nature 

497, 205–210. 

Murray, J.M., and Escola, G.S. (2017). Learning multiple variable-speed sequences in 

striatum via cortical tutoring. eLife 6. 

Musall, S., Kaufman, M.T., Juavinett, A.L., Gluf, S., and Churchland, A.K. (2019). Single-

trial neural dynamics are dominated by richly varied movements. bioRxiv 94, 866–32. 



References   Thesis Page #188 

Nakai, J., Ohkura, M., and Imoto, K. (2001). A high signal-to-noise Ca(2+) probe composed 

of a single green fluorescent protein. Nat Biotechnol 19, 137–141. 

Nguyen, J.P., Shipley, F.B., Linder, A.N., Plummer, G.S., Liu, M., Setru, S.U., Shaevitz, 

J.W., and Leifer, A.M. (2016). Whole-brain calcium imaging with cellular resolution in 

freely behaving Caenorhabditis elegans. Proc Natl Acad Sci USA 113, E1074–E1081. 

Nichols, A.L.A., Eichler, T., Latham, R., and Zimmer, M. (2017). A global brain state 

underlies C. eleganssleep behavior. Science 356, eaam6851–11. 

O'Keefe, J. (1976). Place units in the hippocampus of the freely moving rat. Exp Neurol 51, 

78–109. 

Oda, S., Tomioka, M., and Iino, Y. (2011). Neuronal plasticity regulated by the insulin-like 

signaling pathway underlies salt chemotaxis learning in Caenorhabditis elegans. Journal of 

Neurophysiology 106, 301–308. 

Pierce-Shimomura, J.T., Morse, T.M., and Lockery, S.R. (1999). The fundamental role of 

pirouettes in Caenorhabditis elegans chemotaxis. Journal of Neuroscience 19, 9557–9569. 

Piggott, B.J., Liu, J., Feng, Z., Wescott, S.A., and Xu, X.Z.S. (2011). The Neural Circuits and 

Synaptic Mechanisms Underlying Motor Initiation in C. elegans. Cell 147, 922–933. 

Pirri, J.K., McPherson, A.D., Donnelly, J.L., Francis, M.M., and Alkema, M.J. (2009). A 

Tyramine-Gated Chloride Channel Coordinates Distinct Motor Programs of a Caenorhabditis 

elegans Escape Response. Neuron 62, 526–538. 

Putney, J., Conn, R., and Sponberg, S. (2019). Timing is (almost) everything in a 

comprehensive, spike-resolved flight motor program. bioRxiv 602961. 

Rakowski, F., Srinivasan, J., Sternberg, P.W., and Karbowski, J. (2013). Synaptic polarity of 

the interneuron circuit controlling C. elegans locomotion. Front. Comput. Neurosci. 7, 128. 

Roberts, W.M., Augustine, S.B., Lawton, K.J., Lindsay, T.H., Thiele, T.R., Izquierdo, E.J., 

Faumont, S., Lindsay, R.A., Britton, M.C., Pokala, N., et al. (2016). A stochastic neuronal 

model predicts random search behaviors at multiple spatial scales in C. elegans. eLife 5, 

e12572. 

Scholz, M., Linder, A.N., Randi, F., Sharma, A.K., Yu, X., Shaevitz, J.W., and Leifer, A.M. 

(2018). Predicting natural behavior from whole-brain neural dynamics. bioRxiv 445643. 

Schrödel, T., Prevedel, R., Aumayr, K., Zimmer, M., and Vaziri, A. (2013). Brain-wide 3D 

imaging of neuronal activity in Caenorhabditis elegans with sculpted light. Nat Meth 10, 

1013–1020. 

Seeds, A.M., Ravbar, P., Chung, P., Hampel, S., Midgley, F.M., Jr, Mensh, B.D., and 

Simpson, J.H. (2014). A suppression hierarchy among competing motor programs drives 

sequential grooming in Drosophila. eLife 3, 3–23. 

Shaw, M., Zhan, H., Elmi, M., Pawar, V., Essmann, C., and Srinivasan, M.A. (2018). Three-

dimensional behavioural phenotyping of freely moving C. elegans using quantitative light 

field microscopy. PLoS ONE 13, e0200108. 



References   Thesis Page #189 

Shenoy, K.V., Sahani, M., and Churchland, M.M. (2013). Cortical Control of Arm 

Movements: A Dynamical Systems Perspective. Annu. Rev. Neurosci. 36, 337–359. 

Shipley, F.B., Clark, C.M., Alkema, M.J., and Leifer, A.M. (2014). Simultaneous optogenetic 

manipulation and calcium imaging in freely moving C. elegans. Front. Neural Circuits 8, 28. 

Skora, S., Mende, F., and Zimmer, M. (2018). Energy Scarcity Promotes a Brain-wide Sleep 

State Modulated by Insulin Signaling in C. elegans. CellReports 22, 953–966. 

Slater, P.J.B. (1973). Describing Sequences of Behavior. In Perspectives in Ethology, P.P.G. 

Bateson, and P.H. Klopfer, eds. (Boston, MA: Springer US), pp. 131–153. 

Sponberg, S., and Daniel, T.L. (2012). Abdicating power for control: a precision timing 

strategy to modulate function of flight power muscles. Proceedings of the Royal Society B: 

Biological Sciences 279, 3958–3966. 

Stephens, G.J., Johnson-Kerner, B., Bialek, W., and Ryu, W.S. (2008). Dimensionality and 

Dynamics in the Behavior of C. elegans. PLoS Comput Biol 4, e1000028–10. 

Stringer, C., Pachitariu, M., Steinmetz, N., Reddy, C.B., Carandini, M., and Harris, K.D. 

(2019). Spontaneous behaviors drive multidimensional, brainwide activity. Science 364, 255–

13. 

Sulston, J.E., and Horvitz, H.R. (1977). Post-embryonic cell lineages of the nematode, 

Caenorhabditis elegans. Developmental Biology 56, 110–156. 

Tinbergen, N. (1951). The study of instinct. (New York, NY, US: Clarendon Press/Oxford 

University Press SN -). 

Tsalik, E.L., and Hobert, O. (2003). Functional mapping of neurons that control locomotory 

behavior inCaenorhabditis elegans. J. Neurobiol. 56, 178–197. 

Varshney, L.R., Chen, B.L., Paniagua, E., Hall, D.H., and Chklovskii, D.B. (2011). Structural 

Properties of the Caenorhabditis elegans Neuronal Network. PLoS Comput Biol 7, 

e1001066–21. 

Venkatachalam, V., Ji, N., Wang, X., Clark, C., Mitchell, J.K., Klein, M., Tabone, C.J., 

Florman, J., Ji, H., Greenwood, J., et al. (2016). Pan-neuronal imaging in roaming 

Caenorhabditis elegans. Proc Natl Acad Sci USA 113, E1082–E1088. 

Wen, Q., Po, M.D., Hulme, E., Chen, S., Liu, X., Wai Kwok, Sen, Gershow, M., Leifer, 

A.M., Butler, V., Fang-Yen, C., et al. (2012). Proprioceptive Coupling within Motor Neurons 

Drives C. elegans Forward Locomotion. Neuron 76, 750–761. 

White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1986). The structure of the 

nervous system of the nematode Caenorhabditis elegans. Philosophical Transactions of the 

Royal Society B: Biological Sciences 314, 1–340. 

Wicks, S.R., Roehrig, C.J., and Rankin, C.H. (1996). A dynamic network simulation of the 

nematode tap withdrawal circuit: predictions concerning synaptic function using behavioral 

criteria. Journal of Neuroscience 16, 4017–4031. 



References   Thesis Page #190 

Wiltschko, A.B., Johnson, M.J., Iurilli, G., Peterson, R.E., Katon, J.M., Pashkovski, S.L., 

Abraira, V.E., Adams, R.P., and Datta, S.R. (2015). Mapping Sub-Second Structure in Mouse 

Behavior. Neuron 88, 1121–1135. 

Wood, W.B., and researchers, C.O.C.E. (1988). The nematode Caenorhabdtis elegans (Cold 

Spring Harbor: Cold Spring Harbor laboratory Press). 

Yang, S.C.-H., Wolpert, D.M., and Lengyel, M. (2016). ScienceDirect Theoretical 

perspectives on active sensing. Current Opinion in Behavioral Sciences  11, 100–108. 

Yemini, E., Jucikas, T., Grundy, L.J., Brown, A.E.X., and Schafer, W.R. (2013). A database 

of Caenorhabditis elegans behavioral phenotypes. Nat Meth 10, 877–879. 

Yeon, J., Kim, J., Kim, D.-Y., Kim, H., Kim, J., Du, E.J., Kang, K., Lim, H.-H., Moon, D., 

and Kim, K. (2018). A sensory-motor neuron type mediates proprioceptive coordination of 

steering in C. elegans via two TRPC channels. PLoS Biol 16, e2004929–26. 

Yuste, R., MacLean, J.N., Smith, J., and Lansner, A. (2005). The cortex as a central pattern 

generator. Nat Rev Neurosci 6, 477–483. 

Zimmer, M., Gray, J.M., Pokala, N., Chang, A.J., Karow, D.S., Marletta, M.A., Hudson, 

M.L., Morton, D.B., Chronis, N., and Bargmann, C.I. (2009). Neurons Detect Increases and 

Decreases in Oxygen Levels Using Distinct Guanylate Cyclases. Neuron 61, 865–879. 

 


	1. Acknowledgements
	2. Summary
	2.1 Zusammenfassung
	2.2 Abstract

	3. Introduction
	3.2 Behavioral organization: action sequence
	3.3 Behavioral organization: Hierarchy
	3.4 Neuronal mechanisms: central pattern generators
	3.5 Neuronal mechanisms: population dynamics
	3.6 C. elegans as a model organism for neuroscience research
	3.7 The C. elegans nervous system
	3.8 Neuronal mechanisms underlying behavior in C. elegans
	3.9 Behavioral organization in C. elegans
	3.10 Neuronal activity imaging techniques in C. elegans
	3.11 Aims of the study

	4. Article 1: Global brain dynamics embed the motor command sequence of Caenorhabditis elegans
	5. Article 2: Nested neuronal dynamics orchestrate a behavioral hierarchy across timescales
	6. Discussion
	6.1 The C. elegans action sequence is embedded in global brain dynamics
	6.2 A revised understanding of pre-motor interneurons
	6.3 Low-dimensional population dynamics: consequences and generality
	6.4 Open questions in understanding C. elegans global brain dynamics
	6.5 The neuronal implementation of a multi-timescale behavioral hierarchy
	6.6 Nested neuronal dynamics: consequences and generality
	6.7 Open questions in understanding C. elegans nested neuronal dynamics
	6.8 An extension of the CPG concept to more complex behavioral organization
	6.9 The immobilized animal preparation: strengths and weaknesses
	6.10 Conclusions

	7. References

