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Abstract

A hallmark of adaptive behavior is the ability to flexibly respond to sensory cues, depending on
context and experience. To understand how neural circuits implement this flexibility, it is critical
to resolve how a static anatomical connectome can be modulated such that functional connectivity
in the network can be dynamically regulated. Here, we review recent work in the roundworm
Caenorhabditis elegans that is clarifying how a defined connectome can be modulated in such

a manner. Recent EM studies have mapped the anatomical connectomes of many C. elegans
animals, highlighting the level of stereotypy in the anatomical network. Brain-wide calcium
imaging and focused studies of specified neural circuits in C. efegans have uncovered a high
degree of flexibility in the functional coupling of neurons within circuits. The coupling between
neurons is controlled in large part by neuromodulatory systems that act over long time scales.
This then gives rise to persistent behavioral states that animals switch between, allowing them
to generate adaptive behavioral responses across a range of environmental conditions. Thus, the
dynamic coupling of neurons enables multiple behavioral states to be encoded in a physically
stereotyped connectome.

Introduction

As animals navigate their environments, they are bombarded by a constant stream of
diverse sensory cues. It is therefore essential that their nervous systems extract behaviorally
meaningful information from the environment and generate adaptive responses to these
stimuli. Understanding how sensorimotor circuits are able to flexibly process sensory cues,
depending on context and experience, has been the subject of intense investigation in recent
decades. A key issue in understanding these circuits will be to resolve how neuronal activity
in a defined anatomical connectome can be modulated over short and long timescales to
allow for dynamic sensorimotor integration.
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Studies of mammalian internal states and cognitive control have revealed the broad
organization of neural circuits that underlie flexible sensorimotor processing. Behavioral
responses to sensory cues are profoundly influenced by an animal’s internal state — for
example, whether it is awake, asleep, hungry, or thirsty. The ascending neuromodulatory
systems, including the noradrenergic and cholinergic systems, play critical roles in
generating these states. Correspondingly, many of these neuromodulators have been shown
to impact sensory responses in higher brain regions that receive modulatory afferentsl—3.
Sensory processing is also flexible over faster timescales, for example in the context of
top-down (or “executive”) control over decision-making. Studies of these higher cognitive
functions have shown that neurons in specific cortical areas, most prominently areas in
prefrontal cortex, often represent task-relevant variables, rather than faithfully encoding
sensory stimuli, like neurons in primary sensory cortical areas*°. These representations can
rapidly change depending on the demands of the task and provide a way to link behaviorally
relevant inputs to sensorimotor transformations elsewhere. These studies continue to provide
important insights into the flexible neural dynamics that underlie sensory processing, but
due to the complexity of mammalian circuits, they have not yet established clear links
between the physical connectivity of neural circuits and flexible changes in neural circuit
function and behavior.

In recent years, the nematode Caenorhabditis elegans has emerged as a popular system

for the investigation of flexible sensory processing and behavior. Studies of C. elegans
benefit from its experimental tractability: its nervous system contains exactly 302* neurons
connected through a fully-defined connectome®. Moreover, a robust genetic toolset enables
neural circuit analysis with single-cell precision in this simple nervous system. While early
studies of C. elegans behavior focused on the neural circuits underlying hard-wired, innate
behaviors, subsequent work revealed a surprising degree of flexibility in how this animal
responds to sensory cues in its environment. Modern systems neuroscience tools applied in
this simple system have now begun to reveal the basis of this flexibility. Here, we review
this recent progress and provide an outlook on what remains to be discovered in this small,
flexible nervous system.

Dynamic Neuronal Activity Occurs in a Largely Invariant Physical Network

While the invariance of neuron identity in C. elegans is well-established, evidence that

this extends to synaptic stereotypy has only recently been addressed. Of the 302* neurons
identified in the hermaphrodite, 294 are shared between hermaphrodites and males, with
males having an additional 91 neurons and 39 muscles, largely devoted to male mating
behaviors’. Circuits devoted to shared behaviors, like locomotion and chemotaxis, are
largely conserved, although there are differences in how male-specific neurons synapse onto
these shared networks.

The architecture of the C. elegans network has been carefully analyzed. The distributions
of the neurons’ degrees of connectivity in the electrical and chemical synaptic networks
are fairly scale-free, with tails that follow power-law distributions®. This means that both

*While critical for development, the CANL/R neurons lack synapses with any neurons.
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networks have “small world” properties like other scale-free networks, such as social
networks and the worldwide web, where a small number of nodes serve as “hubs” for

the majority of information traffic. The neurons themselves can be roughly divided into three
categories: sensory neurons, interneurons, and motor neurons. On average, the minimum
number of chemical synapses crossed from sensory to motor neurons is roughly 3. This
means that, on average, the shortest path from sensory neuron to motor neuron will

pass through two interneurons. Within the interneuron class are a small number of hub
interneurons called the “command neurons” that possess the most synapses in the network,
and that form their own, highly interconnected network that controls forward and reverse
movement®-11, These neurons are pre-synaptic to body motor neurons, and post-synaptic to
a large class of interneurons that are themselves post-synaptic to sensory neurons (Figure
1A).

An analysis of volumetric reconstructions across distinct hermaphrodite animals found

that half of the membrane contacts are largely conserved across several length scales

of organization2:13, The brain’s physical structure follows a conserved developmental
program that imposes physical constraints on synaptic placement, restricting the potential
connectivity of neurons to local neighborhoods. The shape and relative position of neurites
are largely conserved at birth, and synapse number grows in proportion to the body4,
Most membrane contacts are stable during development, with most additional synapses
strengthening existing connections, and new connections largely occurring at existing large
contact areas (Figure 1A). Motor networks in particular are highly stereotyped, likely
reflecting the importance of motor fidelity. However, modulatory neurons, which rely less on
synaptic signaling, are the least precise in synaptic loci and number. Like the stereotypy of
cellular identity, the physical geometry and contacts of neurons across the nervous system
are largely conserved, with most individual variability occurring at sparse synapse loci.

Two important features of brain organization are absent from physical connectivity

maps. First, the signs and strengths of the synaptic connections cannot be inferred

from EM images. Second, the physical network provides no information about extra-
synaptic communication. Neuromodulatory networks can be built by pairing known cellular
expression of neuromodulators with that of their target receptors®. While the identities of
neuromodulatory neurons and their targets are known in some cases, the receptors for most
neuropeptides remain unknown and the list of C. elegans neuromodulators keeps expanding,
including the recent addition of the IL-17 cytokinel®. Of the neuromodulatory networks that
have been mapped, these networks do not overlap well with the chemical and electrical
synaptic networks. For example, most neurons that express serotonin receptors do not share
synapses with serotonin-producing neurons. “Hub” neurons in the chemical and synaptic
networks are not necessarily hub neurons in neuromodulatory networks. However, a small
set of neurons like RIM appear to be “hub” neurons in all three networks?.

It is not possible to determine the flow of information through a nervous system based
solely on physical synaptic connectivity. However, large-scale calcium imaging approaches
are beginning to reveal the flow of information in the C. e/egans network. These studies
have utilized a nuclear-localized GCaMP that allows densely-packed neurons to be easily
segmented. These recordings cannot recover local calcium signals in neurites!” and lack the
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temporal resolution of voltage recordings, but have still provided important insights into C.
elegans brain-wide dynamics. Brain-wide imaging of most anterior neurons in restrained
worms has revealed a high degree of spontaneous correlated activity across the brain that

is altered in response to sensory stimuli®. Based on comparisons to neural activity in
moving animals, most of this ongoing activity seems to correlate with motor patterns of

the worm, which can largely be represented as a two- lobed manifold by three principal
components of neuron population activities (Figure 1B—D)19. Different regions of this
manifold represent different action sequences. Indeed, brain-wide imaging in freely-moving
worms has similarly revealed large subsets of neurons associated with different action
sequences20:21,

However, even though large numbers of neurons correlate with the motor circuit, the
neuronal composition of these correlated states is not conserved in different contexts, even
within the same worm?2, Neurons such as AVA which directly synapse onto motor neurons
consistently correlate with motor patterns, while other neurons only occasionally correlate
with specific instances of these features. Thus, motor features are more reliably encoded by
a more distributive linear combination of sparse neuronal activities. Comparisons between
worms have been hampered by the challenge of reliable neuron identification. Recent
combinatorial fluorophore labelling of neurons has greatly improved this annotation, and
improved the comparison of brain-wide dynamics across worms23, Brain-wide imaging
combined with neural identification revealed that different sensory contexts in restrained
worms also produce different combinations of correlated network states (Figure 2A). These
datasets also allowed for a direct comparison between physical connectivity and functional
connectivity. Strikingly, when compared to the chemical and electrical network, functional
relationships between neurons have very little correlation with physical connectivity (Figure
2B). This is also observed in neuronal circuits devoted to male mating, where functional
correlations between neurons are not fixed, but dependent on sensory inputs and motor
state?4,

Even though a detailed map of the physical neuronal network has revealed a structure that
is largely invariant over time and between individuals, whole-brain imaging has revealed a
dynamically evolving functional network that is highly divergent in different sensory and
motor contexts. Like changing traffic patterns on a static road-network, how information
flows through the network largely depends on constantly evolving functional relationships
between neurons.

Interneuron Coupling is Influenced by Neuromodulatory Signaling

Interneurons in particular appear to be more plastic in their functional coupling with other
neurons. While sensory neurons have fairly stereotyped responses to sensory cues, and
motor neurons reliably produce behavioral responses, interneurons integrate information
from a diversity of presynaptic partners with varying degrees of correlation. AIB is an
interneuron important for relaying sensory information from the olfactory neuron AWC
to the motor circuit (Figure 2C). On average, the activity of AIB correlates with sensory
input, but most of its activity is driven by the motor circuit through its synapses with the
interneuron RIM. In the absence of RIM activity, AIB activity is more strongly correlated
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with sensory input and, in turn, causes the motor circuit to be more strongly coupled to
AWCZ, The role of RIM in maintaining motor states that influence sensory perception also
occurs in AlY, another interneuron which encodes both thermosensory information from
AFD and the motor state of the animal (Figure 2D). Here too, RIM maintains the motor
drive by providing motor feedback to AlY, which in turn influences sensory perception.
This feedback maintains the motor state of the animal, and makes it less susceptible

to transient temperature fluctuations28. However, unlike AIB, RIM inhibits AlY through
neuromodulatory signaling. In addition to being a hub of the physical synaptic network,
RIM is also a hub of the neuromodulatory network®, and likely plays a dual role in
coordinating the activity of numerous neurons synaptically (like AIB) and extra-synaptically
(like AlY). Thus, RIM may play a pivotal role in coordinating dynamics across the network
of forward- and reverse-active neurons.

A more explicit role of the influence of neuromodulatory state on interneuron coupling can
be observed with the interneuron AlA. Most of its presynaptic partners are sensory neurons,
and its activity is strongly driven by coincident activities of these neurons2”. However,

the functional coupling of AlA to these neurons is highly dynamic. Feeding state does

not alter the AFD-AIY thermotaxis circuit, but it does alter temperature-mediated behavior
(Figure 2E)28. Under fed conditions, AIA has tonic activity that is permissive for AFD-AlY
driven thermotaxis. Even though AFD is the primary thermosensor, other chemosensory
neurons like AWC can become temperature-responsive under starved conditions due to
INS-1 insulin-like peptide signaling from the gut. The increase in temperature-mediated
AWC activity increases glutamate-mediated inhibition of AIA, which in turn influences
behavior by causing a decrease in forward runs. Thus, non-neuronal tissues like the gut can
strongly influence neuronal couplings, and in turn, behavior. This likely evolved to alter

the relative saliency of sensory cues based on food availability, a critical contextual cue

for the animal?®. Under starved conditions, chemotaxis toward food takes precedence over
thermotaxis toward optimal temperatures. Given the widespread neuronal expression of the
DAF-2 insulin receptor, it is possible that there may be similar state-dependent changes in
other components of the sensory circuits.

In addition to neuromodulatory signaling from the gut to the brain that influences behavior,
olfactory perception by the brain also regulates gut metabolism. Odor detection by sensory
neurons leads to decreased octopamine release by the neuron RIC, which in turn leads

to a decrease in AMPK activity in the gut30. Octopamine is the invertebrate analog of
norepinephrine, and AMPK is a key metabolic regulator which activates glycolysis and
fatty-acid metabolism. This study and others31:32 highlight how communication along the
gut-brain axis is bidirectional: neuromodulatory signaling from the gut influences behavior,
but neuromodulators released by the brain influence gut metabolism.

The dual roles of chemical synapses and neuromodulation on functional connectivity can
also be seen in the timescales of neuronal coupling. When animals are actively moving
in the absence of food, AlA has transient activity that is positively correlated with the
forward state, which is consistent with its role in driving forward behavior in response to
attractive sensory input. However, during dwelling states on food, AlA activity is more
sustained and correlated with the dwelling-promoting serotonergic neuron NSM (Figure
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2F)33. Alternatively, odor gradients in the presence of food can trigger AIA to promote
roaming, and return to being highly correlated with the forward motor circuit. The ability

of AlA to exert opposing effects on behavior is enabled by its dual excitatory outputs

to serotonin and PDF neurons that mutually inhibit one another to promote dwelling and
roaming states, respectively (see below for further details). Thus, even though AIA is
activated by food odors in both states, its influence on speed (fast timescale) is influenced by
the roaming/dwelling state of the animal (slow timescale). This change in neuronal coupling
reflects the changing priorities of the animals in different behavioral states: food odors
during roaming provide a cue for navigation to a distal target, whereas food odors during
dwelling and food ingestion indicate that the animal is already in a plentiful food resource.
These studies reveal that despite a largely invariant physical network, the functional network
is dynamic, and influenced by extra-synaptic signaling that alters how interneurons couple to
both sensory and motor circuits.

The Internal States of the C. elegans Nervous System

The internal state of an animal’s nervous system can robustly alter sensorimotor processing
and behavior. Although “internal state” is a somewhat loosely-defined term, here we define
an internal state to be a persistent change in the function of the nervous system whose
effects span multiple sensory modalities and/or motor systems. C. elegans exhibits a range
of distinct internal states that influence functional circuit connectivity and sensorimotor
transformations, such as sleep, hunger, and exploration34. We now review the neural
mechanisms that generate these states.

The clearest example of an internal state that alters sensorimotor behavior in C. elegans is
the sleep state. Similar to mammals, sleep in C. elegans can be defined based on behavioral
criteria: a cessation of movement and an increased arousal threshold, which is rapidly
reversible and exhibits homeostatic buildup3°38 Unlike mammalian systems, there is not
yet a widely-established neurophysiological definition of C. elegans sleep, though recent
brain-wide recordings suggest that sleep is correlated with a broad inhibition of the brain-
wide neural dynamics described above3”. The increased arousal threshold appears to be due
to both reduced responsiveness of sensory neurons and alterations in downstream sensory
processing circuits3®. C. efegans display sleep states primarily in two contexts (Figure

3A). First, they display developmentally-timed sleep (DTS) during each of their four larval
molts3®. Second, they display sickness-induced sleep (SIS) after exposure to robust stressors,
such as potentially lethal levels of heat or infection3940, The neural control of sleep involves
command neurons that act through neuropeptide release to modulate downstream circuits.
DTS is associated with activation of the RIS neuron, whose release of FLP-11 neuropeptides
induces behavioral quiescence®!. In addition, PDF-1/2 and FLP-2 neuropeptides produced
by sensory neurons modulate DTS#2. On the other hand, SIS is controlled primarily by

the ALA neuron that releases several neuropeptides*344. The ALA-secreted neuropeptides
have unique but overlapping functions in inhibiting specific motor programs of the worm,
suggesting combinatorial control43. The control of C. elegans sleep by neuropeptides is
reflective of the broadly important role that neuropeptide signaling plays in organizing C.
elegans neural dynamics and behavior.
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Awake C. elegans transition between a wide range of additional internal states. While
foraging on a bacterial food source, animals abruptly switch between stable (5-60 min)
“roaming” and “dwelling” behavioral states in which they display either active exploration
or slow exploitation of their food source, respectively*>-47. Roaming and dwelling animals
also exhibit behavioral differences beyond locomotion, for example different levels of
egg-laying and olfactory-driven behavioral responses3348. Animals favor dwelling in
environments with dense, nutritive food, whereas they favor roaming when there is less food,
aversive sensory stimuli, or a food odor gradient from a better nearby food source3346:49,
Transitions between roaming and dwelling are controlled by a neural circuit consisting

of a mutual inhibitory loop between neurons that make two opposing neuromodulators:
serotonin, which promotes dwelling, and PDF neuropeptides, which promote roaming
(Figure 3B)33, Optogenetic activation of the serotonergic or PDF systems can flip the
behavioral state of the animal and loss of these neuromodulatory systems causes fragmented,
short states*’. Diverse sensory signals feed into this core mutual inhibitory loop. The
ingestion of bacterial food activates the serotonergic neuron NSM, which extends a sensory
dendrite into the alimentary canal to directly sense bacterial food®C. Olfactory processing
neurons can couple to neurons in the roaming or dwelling circuit, depending on which state
the animal is in33. Convergence of diverse sensory signals onto the core mutual inhibitory
circuit allows these states to be influenced by the environment. State-dependent coupling of
sensory neurons to either roaming or dwelling neurons allows for state-dependent sensory
processing.

In the absence of bacterial food, C. elegans display a different set of behavioral states:
immediately after food removal, they exhibit Local Search (LS) in which they display a high
incidence of turns that allows them to potentially re-encounter food. After several minutes,
they transition to a Global Search (GS) in which they reduce their turning (Figure 3C)>1-53,
The LS state is triggered by food-detecting olfactory and mechanosensory neurons that

act in a redundant fashion on downstream processing circuits®*. Onset of the GS state is
associated with reduced activity in the sensory neurons and reduced coupling of the sensory
neurons to downstream motor circuits.

The metabolism and satiety of C. elegans exerts a strong influence over its behavioral
states. Starvation followed by re-feeding can trigger a quiescence state that is reminiscent of
sleep®®. Entry into this state is influenced by the level of fat stores in the animal®®, as well
as neurohumoral signaling via insulin/DAF-2 signaling and TGF- beta/DAF-7 signaling.
Alterations in TGF-beta/DAF-7 signaling during pathogenic infection further modulates
behavior°’:58, Roaming and dwelling states are also influenced by satiety: animals favor
dwelling after periods of fasting®6. This appears to involve detection of peripheral fat stores,
as well as enhanced activation of the serotonergic neuron NSM by food ingestion in fasted
animals®0:59-61  Starvation also impacts other complex C. elegans behaviors. For example,
the drive to cross an aversive sensory barrier to reach an appetitive food cue is increased by
starvation due to inhibition of the tyraminergic neuron RIM, which controls the gain of the
response to the aversive cue®2. Starvation can also change the valence of individual sensory
cues, like carbon dioxide®3. The profound effect of satiety levels on C. elegans behavior
illustrates the strong influence that an animal’s metabolic state can exert on neural circuit
function.
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Finally, C. elegans behavioral states are also influenced by developmental age and
developmental history. The fraction of time that an animal roams and dwells changes in

a characteristic manner as it passes through its four larval stages into adulthood®4. These
changes are influenced by a wide range of neuromodulatory pathways. Related to these
changes, the reproductive status of the animal has a causal role in altering roaming and
dwelling behaviors as adult animals gain the ability to lay eggs®°:%6. Early life events also
shape adult behavioral states days later. Animals that are food-deprived as young larvae
and pass through the dauer diapause stage display more cautious foraging strategies as
adults, consisting of reduced exploration®’. These behavioral changes involve altered neural
dynamics in a sensory processing circuit important for navigation, rather than changes at
the sensory periphery. These studies add to an emerging view that the internal states of C.
elegans represent highly integrative responses to sensory and physiological cues that endow
the animal with flexible behavioral control over long time scales.

Concluding Remarks

While the neuronal network itself is physically static, the functional connections

between neurons are dynamic over time and across different sensory contexts. Evolving
neuromodulatory signaling alters the functional state of the neuronal network, which is
manifested as different behavioral states. The brain-wide dynamics that accompany these
states are the subject of active investigation and initial studies are revealing different
correlative structure and dynamics across states. Knowing these correlative dynamics will
be critically helpful to parameterize computational models of network function. A variety

of computational approaches exist, from biophysical models that model each neuron and
synapse88, to Bayesian models that capture the correlative relationships between neurons8®,
to models that combine neurons into state spaces based on the largest principle components
of neuronal dynamics’C. All of these models provide helpful insights into network function
at different resolutions of network simplification. However, these models fit their parameters
based on observed dynamics and functional relationships, and these empirical measurements
remain very limited in the field. Further studies of brain-wide activity states will provide
useful output solutions to constrain models and should reveal which underlying parameters
of network function are critical to producing observed changes in functional connectivity
and brain-wide dynamics.

The diversity of possible solutions encoded within the physical synaptic network provides
the worm with a multitude of behaviors to engage with a constantly evolving environment.
By encoding multiple solutions in a single network, the worm is better able to adapt to

a changing environment on both individual and evolutionary timescales. New behavioral
responses can occur by altering the functional relationships of neurons that already exist.
This strategy is ancient. The roles of neuromodulators such as serotonin and dopamine

in controlling states like satiety and sensory valence are conserved amongst invertebrates
and vertebrates’1~73. However, with the single-neuron resolution of the C. elegans network,
it should be feasible understand how these signaling pathways explicitly alter network
properties that may be difficult to define in larger systems.

Curr Opin Neurobiol. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flavell and Gordus

Page 9

In addition to neuromodulators like serotonin and dopamine, there are over 200
neuropeptides encoded in the C. elegans genome’4. Future studies that further define

the neuromodulatory connectome and reveal brain-wide dynamics during defined
neuromodulatory states should provide new insights into the context dependence of C.
elegans brain-wide activities. Studies of specific subsets of neurons, described above, are
beginning to reveal mechanisms for context-dependent behavior, but this work should be
contextualized in a broader framework of network-wide dynamics. The number of possible
internal states encoded by neuromodulators, and their behavioral consequences, are likely to
be vast, and a rich topic for future research.
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Highlights
. The connectomes of multiple C. elegans animals have now been characterized
. Anatomical connections between neurons are largely invariant, but functional

connectivity between neurons is highly dynamic
. Functional connectivity between neurons is influenced by neuromodulation

. Long timescale modulation of functional connectivity gives rise to stable
behavioral states
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Figure 1: A physically invariant network with dynamic activity.
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A. Sensory circuit at 3 different developmental stages. Circles represent neurons, while

lines represent chemical synapses. Only chemical synapses were mapped in Witvliet et

al. B. Heatmap of neuronal activity measured by NLS-GCaMP5k fluorescence. Image is
reproduced from Kato et al. C. A large fraction of neuronal activity from B represents the
motor program. Most dynamics lie along a manifold in the first 3 principal components from
PCA dimension reduction of neuronal activity (left panel). Manifold is colored according to
the motor phase (right panel). Images are reproduced from Kato et al. D. Interneuron circuit.
Certain neurons like AVB and RIB strongly correlate with forward behavior while neurons
like AVA and RIM strongly correlate with reversal behavior. However, other interneurons

like AIA, AIB, AlY and AlZ transiently correlate with motor state.
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Figure 2: Sensory and neuromodulatory context influence interneuron correlation with motor

program

A. The path global neuronal dynamics take through PCA-reduced space is strongly

influenced by sensory context. Each colored volume represents the average phase trajectory
of whole-brain neuronal activity during sensory stimulation with 2-3 pentanedione (purple),
2-butanone (orange), or NaCl (yellow). Image is reproduced from Yemini et al. B. Neuronal

activity correlates poorly with chemical and electrical synapse connectivity. Image is

reproduced from Yemini et al. C. The AIB interneuron exhibits activity that correlates with
sensory-induced activity from AWC, and/or reverse motor activity mediated by synaptic
input from RIM. D. The AlY interneuron exhibits activity that correlates with sensory-
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induced activity from AFD, and/or forward motor activity mediated by neuromodulatory
inhibition from RIM. E. AlA drives dwelling in the presence of food and the absence of
odor gradients. Its activity is tightly coupled to the serotonergic neuron NSM which inhibits
AIlY and other MOD-1 expressing neurons. However, in the presence of odor gradients
while on food, AlA drives roaming behavior. In this context, AIA activity is tightly coupled
to forward interneuron activity. F. AlA activity is strongly influenced by both sensory and
food context. Under well-fed conditions, AWC activity does not correlate with warming
gradients, and in turn does not inhibit AlA activity via glutamate. Under starved conditions,
AWC is sensitized to warm gradients via INS-1 signaling from the gut. Increased AWC
activity silences AlA, which in turn decreases forward drive.
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Figure 3: Neural Circuits for Behavioral State Control in C. elegans
A. The RIS interneuron acts as a command neuron to control developmentally timed

sleep, whereas the ALA interneuron controls stress-induced sleep. Each releases distinct
neuropeptides that have causal roles in inhibiting the main C. elegans motor programs

and thereby inducing sleep. B. Mutual inhibition between the neurons that produce the
opposing 5-HT and PDF neuromodulators underlies bi-stable switching between roaming
and dwelling behavioral states. Food ingestion activates the serotonergic system to increase
dwelling, while both neuromodulatory systems receive feedforward inputs from the

reorientation
circuit
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chemosensory system. C. Chemosensory and mechanosensory cues are detected by different
sets of sensory neurons that feed into a reorientation circuit. Immediately after food removal,
the sensory neurons are spontaneously active and strongly coupled to the reorientation
circuit. As animal continue to explore without successfully finding food, sensory neurons
display reduced activity and reduced coupling to the reorientation circuit.
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