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Abstract
Oxygen and Food Modulate C. elegans Locomotory Circuits
Jesse. M. Gray

C. elegans is a simple model system in which behavior can be studied from sensory input
to motor output. Despite this potential, many elements of C. elegans behavior are not
understood. Poorly understood areas include (1) how locomotory behaviors are

influenced by food and (2) how locomotory behaviors are influenced by oxygen.

To understand how food influences locomotion, we observed animals on and off food,
and we used laser kills to identify neurons involved in these behaviors. After animals are
removed from bacterial food, they initiate a local search behavior consisting of reversals
and omega turns triggered by AWC olfactory neurons, ASK gustatory neurons, and AIB
interneurons. Over the following 30 minutes, the animals disperse as reversals and
omega turns are suppressed by ASI gustatory neurons and AIY interneurons.
Downstream interneurons and motor neurons encode specific aspects of reversal and turn
frequency, amplitude, and directionality. Many of these neurons are also implicated in
chemotaxis and thermotaxis. Thus this circuit may represent a common substrate for

multiple navigation behaviors.

To understand how C. elegans sense and respond to oxygen, we subjected animals to
spatial and temporal oxygen gradients. We found that the C. e/egans exhibits a

behavioural preference for 5-12% oxygen. Avoidance of high oxygen requires the

Xiv
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sensory cGMP-gated channel tax-2/tax-4 and the soluble guanylate cyclase homolog gcy-
35. The GCY-35 heme domain binds molecular oxygen, unlike the heme domains of
classical guanylate cyclases. GCY-35 and TAX-4 act in four sensory neurons that
control a naturally polymorphic social feeding behaviour in C. elegans. Social feeding
occurs only when oxygen exceeds C. elegans’ preferred level and requires gcy-35. Our
results suggest that soluble guanlyate cyclases are a novel class of oxygen sensors and
that social feeding can be a behavioural strategy for responding to hyperoxic

environments.
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Assembling Neural Circuits in C. elegans

This thesis (Chapter 2) attempts to identify the neurons that comprise a circuit for
navigation in C. elegans. Complete circuits are difficult to define because they are often
too complex to map anatomically. In C. elegans, we have a complete wiring diagram
(White, 1986), but even in such a simple and anatomically defined system there are
barriers to functionally mapping circuitry. One difficulty involves the complexity of

distributed systems, where individual neurons often only play a small part in a behavior.

Another problem is that many neurons release multiple neurotransmitters, which can have

different, even opposite, effects. Finally, complex behaviors are often made up of

individual steps, which have to be dissected before functional circuits can be understood.

Only one circuit in C. elegans, a circuit for simple responses to touch (Chalfie et al.,
1985), is by any reasonable definition completely defined. Several behavioral circuits in
C. elegans are partially delineated, including those for male mating, egg-laying, ASH-
mediated avoidance of noxious stimuli, slowing on food, chemotaxis, and thermotaxis.

Each of these is briefly described below.

The best understood circuit in C. elegans is the touch circuit, described in the
introduction to Chapter 2. Briefly, touch-sensing neurons synapse onto the command
neurons, which innervate dozens of motor neurons along the body and are required for
backward (AVA and AVD) and forward (PVC and AVB) movement (Chalfie et al.,
1985). The command neurons are likely to make the decision to move forward or

backward (Maricq et al., 1995; Zheng et al., 1999).
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The command neurons are important beyond their role in touch. Their role in forward
and backward movement makes them relevant to any behavior that involves movement of
the whole animal. Sensory neuron output can be traced in one to four hops to the
command neurons (Chalfie et al., 1985). Neurons involved in sensing repulsive stimuli,
such as ASH (Hart et al., 1995; Maricq et al., 1995) or AWB (Troemel et al., 1997), often
synapse directly onto the command neurons, while neurons that sense attractive stimuli,

such as AWC (Bargmann et al., 1993), have multiple layers of interneurons interposed

(White, 1986).

Male mating is a complex behavior with a partially characterized circuit. Males have
about 80 additional neurons, mostly sensory and motor neurons, and mostly in the
tail(Sulston et al., 1980). Most of these neurons still have unknown functions. Progress
has been made in understanding the set of events that happen during successful mating
(Loer and Kenyon, 1993) and some of the neurons that mediate these events (Liu and
Sternberg, 1995). For example, the HOB neuron is a sensory neuron required for an
initial pause when the tail encounters the hermaphrodite vulva; this neuron expresses
TRP channels thought to be involved in sensing the hermaphrodite vulva (Barr et al.,
2001; Whittaker and Sternberg, 2004). Next, the PCB and PCC sensory neurons promote
probing of the vulva via periodic contraction of the spicules using one calcium channel,
and the SPC motor neurons promote sustained protraction, which is caused by activation
of a different calcium channel (Garcia et al., 2001). The spicule thus anchors the tail

during ejaculation. This circuit offers an opportunity to understand the molecular and
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circuit mechanisms for carrying out a series of behaviors in turn, where each step can in

theory be informed by the internal state of the circuit as well as by sensory input.

The motor output of the egg-laying circuit has also been characterized. Vulval muscles
contract to expel eggs, and both the HSN and VC motor neurons promote egg-laying
(although the VC neurons also synapse onto the HSN neurons). Serotonin promotes egg-
laying through a EGL-30 (Gaq)-dependent process, released primarily from the HSN
motor neuron (Bastiani et al., 2003; Waggoner et al., 1998), which itself is inhibited by
serotonin (Shyn et al., 2003). Serotonin promotes release of eggs, but acetylcholine
released from HSN and the VCs is likely to initiate egg-laying events (Waggoner et al.,
1998). Food strongly promotes egg-laying via unknown circuits; the interneurons and
sensory neurons upstream of the motor circuit for egg-laying have yet to be functionally
characterized. In addition, mutations in both goa-1 (Gao) and egl-30 (Gaq) have

hypothesized effects in the circuit but have yet to be cell specifically rescued.

ASH-mediated avoidance is a relatively simple behavior with a relatively simple circuit
(Hart et al., 1995; Maricq et al., 1995). Two simple behavioral building blocks involved
in ASH avoidance are the reversal and the omega bend. In a reversal, a worm moving
forward reverses briefly before continuing forward in a new direction. The omega turn is
a sharp turn in the ventral direction. (on a two-dimensional surface, C. elegans crawls on
its side, with turns occurring either in the dorsal or ventral direction.) ASH-mediated
avoidance behavior is elicited when the nose of the animal encounters one of several

noxious stimuli, including osmolarity, nose touch, heavy metals, and bitter compounds
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like quinine (Culotti and Russell, 1978; Hilliard et al., 2004; Kaplan and Horvitz, 1993;
Sambongi et al., 1999). ASH is glutamatergic; glutamate release by ASH is detected by

the GLR-1, GLR-2, and NMR-1 glutamate receptors (Hart et al., 1995; Maricq et al.,

1995; Mellem et al., 2002), which are expressed by the command neurons. Thus, in order

to cause a reversal, ASH need only activate the reverse command neurons by releasing

glutamate, a model consistent with the defects seen in the glutamate receptor mutants.

It is not known for sure which command neurons respond to ASH stimuli; AVB, as well
as AVA and AVD, appear to be post-synaptic to ASH (White, 1986). In addition, AVA
appears to express at least one inhibitory chloride channel that is activated by glutamate
(Mellem et al., 2002). The expression patterns of these chloride channels have not been
reported in detail (Dent et al., 1997; Dent et al., 2000), and such a channel in AVB could
lead to AVB inhibition by ASH. Cell specific rescue of glutamate receptors could begin

to define the circuit better.

Some ASH stimuli appear also to be sensed by sensory neurons in the tail (Hilliard et al.,
2002); in these cases, an unknown circuit appears to integrate the two signals to decide
whether to move forward or backward. This integration is likely to be carried out by the
command neurons, since PHA synapses mostly onto PHB, while PHB (like ASH)
synapses onto the command neurons (Hilliard et al., 2002; White, 1986). Being the
proposed circuit for multiple sensory integrations (e.g., noxious stimuli and touch) is
consistent with a model where the command neurons make a continuous assessment of

sensory input from head and tail to decide whether to move forward or backward.
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It is not known how ASH stimulates omega turns. ASH synapses onto interneurons
involved in multiple navigation behaviors (interneurons shown in Figure 2.3) (White,
1986), and ablation of these interneurons can alter the length of reversals during ASH-
mediated avoidance (data not shown). These neurons may also be responsible for omega

turns.

One of the most obvious behaviors in C. e/egans involves the modulation of speed by
food. Inthe N2 strain and other solitary strains, worm locomotion slows dramatically in
the presence of bacterial food (Sawin et al., 2000). Slowing on food is mediated by two

independent pathways, one involving dopamine and the other regulated by serotonin.

The dopamine pathway is important when well-fed worms encounter food (Sawin et al.,
2000). C. elegans appears to have only three dopaminergic neuron classes, the single
head neuron ADE, the four head CEP neurons, and the PDE neuron in the tail. These
neurons act redundantly in this behavior, but without them worms do not slow upon
encountering food. Food slowing can be partially reconstituted with a simple physical
stimulus, indicating that the dopaminergic cells partly sense touch, although they are
likely to sense other elements of food. Dopamine receptors are broadly expressed (data
not shown), and it is not known what cells sense the dopamine released by ADE, CEP,
and PDE. This circuit could be delineated with cell-specific rescue of dopamine

receptors.
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The serotonin pathway plays a role when worms have been starved (Sawin et al., 2000).
The serotonin is released at least in part from the NSM neuron. What signal NSM
responds to is not known, nor is it known which neurons respond to NSM serotonin
release. A serotonin receptor channel, MOD-1, is expressed in several interneurons in the
navigational circuit (shown in Figure 2.3) and was isolated for failing to slow on food
(Ranganathan et al., 2000)(Cori Bargmann, personal communication). Cell specific
rescue of this gene should help delineate the circuitry involved in the serotonin

component of the response.

Chemotaxis and thermotaxis are two complex behaviors involving worms migrating
directionally within gradients of chemicals or temperature (Hedgecock and Russell, 1975;
Ward, 1973). These behavioral circuits are not likely to make comparisons between two
points in space, since sensory neurons involved are separated only by a few microns
(Bargmann et al., 1993; Bargmann and Horvitz, 1991a; Mori and Ohshima, 1995).
Instead, the concentration of odor is measured over time. When the environment is
improving, worms suppress reversals and omega turns (collectively referred to as
pirouettes); when the environment is worsening, reversals and omega turns increase
(Pierce-Shimomura et al., 1999; Ryu and Samuel, 2002; Zariwala et al., 2003). Thus,
worms chemotaxis much like bacteria (Berg and Brown, 1972), although casual
observation suggests that additional mechanisms may also play a role, particularly when

stimuli are stronger, such as with higher concentrations of attractants (data not shown).
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Circuitry for thermotaxis has been identified using laser ablations, and neurons have been
classified depending on whether ablated animals travel toward warmer temperatures
(thermophilic), cooler temperatures (cryophilic), or are indifferent (athermotactic)(Mori
and Ohshima, 1995). Some interneurons have also been examined for their effects on
pirouette frequency during temporal temperature gradients (or ramps) (Ryu and Samuel,

2002; Zariwala et al., 2003).

Circuitry for chemotaxis was analyzed by ablations, but no single ablation abolished the
behavior (Cori Bargmann, personal communication), suggesting that the circuit may be
distributed. An alternative possibility is that individual elements of chemotactic behavior
may be perturbed by individual ablations while other behavioral elements compensate.

For example, pirouette output could be compromised while other mechanisms are not.

Oxygen Sensing Pathways

The experiments in Chapter 3 propose a novel oxygen sensor, the soluble guanylate
cyclase gcy-35. There are several well-established oxygen sensing proteins already, as
well as a number of oxygen-sensitive processes with ambiguous or unidentified sensors
(Lopez-Barneo et al., 2001). Many channels are regulated by oxygen (Bickler and
Donohoe, 2002; Lopez-Barneo et al., 2001), although whether directly or via upstream
sensors is often unclear. Two well-established sensors and one recently identified sensor

are discussed here.
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The hypoxia-inducible factor 1 (HIF-1 in C. elegans) transcription pathway, present from
nematodes to human beings (Semenza, 2001) is a well-characterized oxygen-sensing
pathway. In this pathway, a prolyly hydroxylase, (EGL-9 in C. elegans) hydroxylates
HIF-1a using oxygen as a substrate. When oxygen is abundant, HIF-1a is hydroxylated,
which leads to its ubiquitination and degredation. When oxygen is low (~1%), HIF-1a
abundance increases, leading to its binding to HIF-1B and to numerous transcriptional
changes, including increased hypoxia viability by upregulating transcripts involved in

anaerobic metabolism.

Many gas sensing proteins make use of the heme prosthetic group (Gilles-Gonzalez et al.,
1994; Jain and Chan, 2003; Rodgers, 1999), the same heme found in hemoglobin and
myoglobin. A well-characterized example is the FixL/FixJ pathway in Rhizobium, which
regulates the expression of the highly oxygen-sensitive nitrogenase genes involved in
nitrogen fixation (Agron et al., 1993; Reyrat et al., 1993; Rodgers, 1999). FixL has a
heme-binding PAS domain whose structure has been solved (Gong et al., 1998). In
addition to the heme-bound PAS domain, FixL contains a histidine kinase, which is
inhibited by oxygen binding to the PAS domain (Monson et al., 1992). Under anaerobic
conditions, optimal for nitrogen fixation, FixL is active, phosphorylating itself and then
FixJ, a transcription factor. Once phosphorylated, FixJ upregulates nitrogen fixation

genes .
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The mammalian carotid body represents a case where the sensor is not yet definitively
known (Prabhakar, 2005). The carotid body is a millimeter-sized organ located at the
main branch of the carotid artery, which feeds the face and brain (Hornbein, 1981).
Stimulation of the organ by rising carbon dioxide levels or decreased oxygen results in
potent stimulation of breathing (Hornbein, 1981). There are two main cell types in the
carotid body, glomus (or type I) cells, which are thought to be the chemoreceptors, as
well as support cells (Hornbein, 1981). A recent study (Williams et al., 2004) uses a
culture system to identify heme oxygenase-2 as a potential oxygen sensor for the carotid
body and potentially many other tissues. Heme oxygenase-2 has traditionally been
thought of as a housekeeping enzyme involved in heme degredation (Maines and Gibbs,
2005). However, it turns out that this enzyme can regulate a type of channel implicated
in carotid body responses to oxygen (Williams et al., 2004). Glomus cells may be kept in
a hyperpolarized state by large conductance, calcium-sensitive BK potassium channels
(Nurse and Fearon, 2002). These channels are inhibited by decreases in oxygen, which
can depolarize cells. The recent study falls short of proving that heme oxygenase-2 is the
carotid body sensor, since knockdown experiments were not performed in carotid body

cells.
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A Circuit for Navigation in C. elegans

Jesse M. Gray, Joseph J. Hill, and Cornelia I. Bargmann

Abstract

C. elegans explores its environment by interrupting its forward movement with
occasional turns and reversals. Turns and reversals occur at stable frequencies but
irregular intervals, producing probabilistic exploratory behaviors. Here we dissect the
roles of individual sensory neurons, interneurons, and motor neurons in exploratory
behaviors under different conditions. After animals are removed from bacterial food,
they initiate a local search behavior consisting of reversals and deep omega-shaped turns
triggered by AWC olfactory neurons, ASK gustatory neurons, and AIB interneurons.
Over the following 30 minutes, the animals disperse as reversals and omega turns are
suppressed by ASI gustatory neurons and AIY interneurons. Interneurons and motor
neurons downstream of AIB and AlY encode specific aspects of reversal and turn
frequency, amplitude, and directionality. SMD motor neurons help encode the steep
amplitude of omega turns, RIV motor neurons specify the ventral bias of turns that follow
a reversal, and SMB motor neurons set the amplitude of sinusoidal movement. Many of
these sensory neurons, interneurons and motor neurons are also implicated in chemotaxis
and thermotaxis. Thus this circuit may represent a common substrate for multiple

navigation behaviors.
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Introduction

As an animal travels through its environment, its nervous system detects sensory cues,
evaluates them based on context and the experience of the animal, and converts this
information into adaptive movement. For simple behaviors, sensory neurons sometimes
communicate directly with motor neurons, but in more complex behavioral circuits,
several layers of interneurons integrate sensory information and relay it to motor neurons.
The path from sensory input to motor output has been defined in only a few cases,
including circuits for crustacean feeding (Nusbaum and Beenhakker, 2002) and circuits
for rapid escape in fish, flies, and nematodes (Chalfie et al., 1985; Faber and Korn, 1978;
Tanouye and Wyman, 1980). In the nematode Caenorhabditis elegans, the escape circuit
was defined using a complete synaptic wiring diagram of the 302 neurons in its nervous
system (Chalfie et al., 1985; White, 1986). Six mechanosensory neurons that detect
noxious stimuli synapse onto four pairs of interneurons called forward and backward
command neurons. The command neurons synapse in turn onto motor neurons
responsible for forward and backward locomotion, leading to rapid withdrawal from the
stimulus. The definition of the escape circuit has enabled analysis of its development,
regulation, and modification by experience (Lee et al., 1999; Rankin, 1991; Rankin et al.,
2000; Rankin and Wicks, 2000; Wicks et al., 1996; Zheng et al., 1999). The C. elegans
wiring diagram provides an opportunity to define many complete neuronal paths from

sensory stimulus to behavior.
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In contrast with the escape circuit, the neuronal control of locomotion during exploratory
behavior is poorly characterized. C. elegans navigates to favorable conditions by
chemotaxis, thermotaxis, and aerotaxis. In these sensory behaviors and in exploratory
behaviors in the absence of informative sensory cues, the animal moves forward and
occasionally changes its direction of movement either by a transient reversal or by
turning its head during forward movement. The largest change in direction is generated
in a sharp omega turn during which the animal’s body shape resembles the Greek letter
(Croll, 1975; Wallace, 1969)(Fig. 1A). Sinusoidal movement itself can also change
during navigation, switching between shallow and deep bends. The neuronal pathways
that convert sensory information into specific turning behaviors are incompletely defined.
The command neurons are not required for the generation of sinusoidal forward
movement (Chalfie et al., 1985; Zheng et al., 1999); the neurons that modulate forward

movement to cause curving and omega turns are unknown.

In C. elegans, taxis behaviors have features of a biased random walk (Pierce-Shimomura
et al., 1999; Ryu and Samuel, 2002; Zariwala et al., 2003) (JMG and CIB, unpublished
data), a strategy first described in bacterial chemotaxis (Berg and Brown, 1972). During
a biased random walk, periods of relatively straight movement ("runs") are occasionally
interrupted by periods of rapid direction change ("tumbles" in bacteria and "pirouettes" in
C. elegans). A pirouette is a period marked by reversals or sharp turns (Pierce-
Shimomura et al., 1999). In a biased random walk, individual trajectories are not
predictable. However, when the environment is improving (e.g., when concentrations of

attractant increase), pirouettes become less frequent. When the environment is declining,
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pirouettes become more frequent. This strategy biases the direction of travel toward

favorable conditions.

We sought to understand the mechanisms by which sensory neurons modulate the
frequency of reversals and turns in C. elegans, and the downstream neuronal circuits that
generate specific features of these behaviors. The presence of food affects many aspects
of C. elegans locomotion (de Bono and Bargmann, 1998; Fujiwara et al., 2002; Hills et
al., 2004; Sawin et al., 2000). Here we use a systematic analysis of C. elegans
neuroanatomy to dissect a circuit that uses sensory cues to modulate turning rates in two
kinds of exploratory behavior: local search after animals are removed from food, and
long-range dispersal after prolonged food deprivation. These exploratory behaviors in
the absence of directional cues share many features with a biased random walk. Our
results delineate a behavioral circuit for navigation in C. elegans from sensory input to

motor output.

Materials and Methods

Strains

C. elegans strains were maintained and grown according to standard procedures
(Brenner, 1974). The following strains were used: wild-type strain N2, PR811 osm-6
(p811) V, PR802 osm-3 (p802) IV, CB1033 che-2 (¢1033) X, CB1112 cat-2 (el112) 11,

GR1321 tph-1 (mg280) 11, OHS ttx-3 (mgl58) X, CX3299 lin-15 (n765ts) X; kyls50[odr-
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2b::gfp; lin-15(+)], CX3300 lin-15 (n765ts) X; kylsS1[odr-2b::gfp; lin-15(+)], CX6896

mglsi8[ttx-3::gfp] IV, akls3[nmr-1::gfp] (Brockie et al., 2001).

Behavioral Assays

Young adult animals were first observed on OP50 food in covered plates for five minutes
and then transferred onto a fresh, foodless NGM plate (Brenner, 1974). Observation
began one minute after transfer (Zhao et al., 2003). Reversals of three or more head
swings were scored as long reversals. Omega turns were visually identified by the head
nearly touching the tail or a reorientation of > 135 degrees within a single head swing.
Animals were scored by an investigator blind to the genotype or ablation status of the

animal.

To score post-reversal turn angles, animals were video-recorded off food and an observer

blind to the animal’s status drew lines denoting the worm’s apparent heading

immediately before and immediately after a turn.

A detailed description of behavioral assays appears in Supplementary Methods.

Laser Killing of Neurons

Individual neurons were identified either using Normarski optics and a combination of

position and morphological cues (Bargmann and Avery, 1995), or they were identified
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using GFP-expressing transgenes. Cells from L1 stage worms were killed using a laser
microbeam focused through the 100 x Neofluor objective of a Zeiss Axioskop. Adults
were assayed as young adults (not more than 72 hours after the L4 adult molt), which
allowed at least 2.5 days following laser surgery for the ablated cells to lose function.
Ablated animals were tested with parallel controls of the same genotype (e.g., with the

same transgenes, if relevant) on the same day.

Statistical Analysis

Although general features of the behavior patterns were reliable, the specific frequency of
reversals or turns could vary from day to day and could be affected by transgenes used

for cell identification. Therefore, laser-treated animals were always compared to
approximately equal numbers of control animals tested on the same day under the same
conditions. Comparisons between tested animals and matched controls were made using
Student’s t-test (Statview). The results of statistical tests and the sample sizes are

available in electronic format upon request.

Results

Reversals and Omega Turns Are Coupled in Pirouettes

C. elegans crawls on its side, flexing in a dorsal-ventral direction to generate sinusoidal

movement (Fig. 1A). A turn occurs when the head swings are stronger in either the
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ventral or dorsal direction. One large head swing can cause a rapid turn, or a series of
gently biased head swings can produce gradual curving. An extreme change of direction
of around 180 degrees is generated by the omega turn, also called an omega wave or

omega bend (Croll, 1975; Wallace, 1969).

To develop more specific assays for changes in the direction of movement, we
categorized different types of reversals and turns by direct observation of freely moving
animals. Reversals were scored as any perceptible backward movement of the entire
animal, and reversal length was scored according to the number of head swings that took
place during the reversal (Fig. 1A). At the end of a reversal, the first forward head swing
nearly always incorporated a turn that caused the animal to move forward in a direction
different from its initial trajectory (Fig. 1A). A subset of these post-reversal turns were
omega turns: sharp turns toward the ventral side of the animal (Croll, 1975). Omega
turns were scored according to two criteria: the animal reoriented more than 135 degrees
over the course of a single head swing, or the head very nearly approached or touched the
tail during the turn (Fig. 1A, panel 4). Although omega turns could occur in isolation,
they were often tightly coupled to reversals, such that the animal's head entered the
omega turn just as the reversal ended (Fig. 1A, panel 4; Fig. 1B). Omega turns were
most commonly coupled to reversals of three or more head swings. In general, the longer
the reversal, the more likely it was to end in an omega turns (Fig. 1C). These results are
similar to those of Zhao et al (Zhao et al., 2003), who reported that reversals of longer

temporal duration were more likely to terminate in omega turns.
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The Nature and Frequency of Pirouettes Change in the Absence of Food

To understand how environmental cues regulate the frequency and character of
pirouettes, we observed reversals and turns under different conditions. Individual
animals were first observed while feeding in solitude. On a lawn of the bacterial food
OP50, animals spend most of their time moving forward slowly and reversing frequently,
a behavior pattern called dwelling (Fig. 1D) (Fujiwara et al., 2002). We found that
reversals in the presence of food were usually short, with only one or two head swings
per reversal (Fig. 1E). These short reversals were followed by turns with relatively small
turn angles (data not shown). Longer reversals and omega turns were rare on the

bacterial lawn.

When animals were transferred to a bacteria-free agar plate, their pattern of locomotion
changed dramatically. Immediately after removal from food, the frequency of short
reversals declined, and continued to decline for the 40 minutes that the animals were
monitored (Fig. 1E). By contrast, the frequency of long reversals (>3 head swings)
increased 10 to 20-fold after removal from food, in parallel with a similar large increase
in the frequency of omega turns. Thus, although overall reversal frequencies were
similar on food and upon removal from food, the locomotion pattern changed to result in
larger changes in direction. In addition, the average speed of forward movement upon
removal from food was approximately 10-fold higher than the average speed while on
food (data not shown). These changes resulted in rapid exploration of a limited area, a
behavior pattern that may represent a local search for food (Fig. 1D)(Hills et al., 2004).

At longer times after removal from food, the speed of forward movement remained high,
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but the frequency of all reversals and omega turns decreased. As a result, animals moved
in long, relatively straight paths, a strategy that may allow them to disperse to distant

sources of food (Fig. 1D,E).

These observations define three behavioral states in which the animals move with
different patterns of reversals and omega turns: a feeding state on food, which was
associated with many short reversals; a local search state shortly after removal from food,
which was associated with many long reversals and omega turns; and a dispersal state
after prolonged starvation, in which reversals and omega turns were rare. Aspects of
these exploratory patterns have also been described by others (Hills et al., 2004;
Wakabayashi et al., 2004). For further analysis, we generally studied five-minute time
periods representing the local search period (1-6 minutes and 7-12 minutes after removal
from food) and the dispersal period after prolonged starvation (35-40 minutes after

removal from food), as well as feeding behavior on the bacterial lawn.

Chemosensory Neurons Regulate Exploratory Behavior After Removal from
Food

Bacteria present a complex mixture of chemical, mechanical, and nutritional cues to C.
elegans. To ask whether sensory input contributed to the behavioral changes observed
after removal from food, we examined osm-6 mutants, which are defective in the
development of all ciliated chemosensory and mechanosensory neurons (Perkins et al.,
1986). On food, osm-6 mutants exhibited normal feeding behavior, with reversal

frequencies and reversal lengths comparable to those of wild-type animals (Fig. 2A).
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When removed from food, osm-6 mutants behaved as though food was still present: they
failed to suppress short reversals, and exhibited abnormally low frequencies of long
reversals and omega turns (Fig. 2A). After 35 minutes of starvation, osm-6 mutants
continued to execute frequent short reversals, and even several hours of continued
starvation did not completely suppress this behavior (data not shown). che-2 mutants,
whose cilia are also defective, exhibited similar behavior (data not shown). These
phenotypes suggest that the local search and dispersal behavior patterns are initiated by

ciliated sensory neurons, probably those that detect sensory stimuli from food.

osm-6 is expressed in many chemosensory and mechanosensory neurons. To narrow
down the list of candidate neurons, we killed the neurons in the amphid chemosensory
organs in wild-type animals using a laser microbeam. Like osm-6 mutants, animals
lacking amphid sensory neurons had defects in both local search and dispersal behavior,
with reduced suppression of short reversals and little stimulation of long reversals and
omega turns (Fig. 2B). An osm-3 mutation, which inactivates the gustatory but not
olfactory neurons (Tabish et al., 1995), had a similar but less severe defect compared to
either amphid neuron-ablated or osm-6 animals (Fig. 2C). These results suggest that both
gustatory and olfactory amphid neurons sense environmental changes to trigger local

search and dispersal behaviors.

To identify specific cells with a role in local search and dispersal behaviors, individual

sensory neurons were killed with a laser microbeam. Three classes of amphid

chemosensory neurons had strong effects on the local search and dispersal behaviors.
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The two AWC neurons sense volatile olfactory attractants from food to direct chemotaxis
(Bargmann et al., 1993). Killing the AWC neurons reduced reversals and omega turns
during local search behavior but did not disrupt behavior on food or dispersal behavior
(Fig. 2D). A similar effect was observed upon killing the two ASK neurons, which sense
water-soluble attractants and repellents (Fig. 2E)(Bargmann and Horvitz, 1991a; Hilliard
et al., 2002). These results suggest that AWC and ASK play a role in the local search
state by stimulating long reversals and omega turns upon removal from food. By
contrast, dispersal behavior required the ASI chemosensory neurons, which also regulate
developmental responses to crowding and food deprivation (Fig. 2F). When ASI was
killed, short reversals were not suppressed after removal from food, and omega turns

were not suppressed at long times off food.

ASI makes several synapses onto AWC (White, 1986), so it seemed possible that ASI
might suppress omega turns by inhibiting AWC directly. Animals lacking both ASI and
AWC executed fewer short reversals and omega turns than animals lacking only ASI, but
turned and reversed more than AWC-ablated animals (Fig. 2F). Thus, ASI-mediated
suppression of reversals and omega turns is partly dependent on, and partly independent

of, AWC.

No other amphid neuron had etfects as substantial as those of AWC, ASK, and ASI. The
nociceptive ASH sensory neurons trigger reversals and omega turns in response to many
aversive stimuli (Kaplan and Horvitz, 1993), but killing ASH had no effect (Fig. 2G).

The two AFD neurons are implicated in thermotaxis (Gomez et al., 2001; Mori and
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Ohshima, 1995), and killing AFD led to a small decrease in reversals and omega turns
during local search in the first few minutes off food (Fig. 2H). Killing the AWB or ADL
sensory neurons that sense volatile repellents, the ASE neurons that sense attractive
water-soluble compounds, the AWA neurons that sense attractive odors, or the ASG and
ASJ neurons that sense pheromones (Bargmann and Horvitz, 1991b; Schackwitz et al.,

1996) had little or no effect (Figs. 2I-N).

The transition from local search to dispersal occurred after starvation. Two secreted
neuronal signals that regulate other responses to starvation in C. elegans are TGF (daf-
7), which is produced by ASI neurons (Ren et al., 1996) and serotonin (Sze et al., 2000).
The serotonin-deficient mutant tph-/ was defective in exploratory behavior (Fig. 20), as
was daf-7 (data not shown), suggesting that these neuronal signaling molecules regulate

exploratory behaviors in the absence of food.

A Candidate Circuit for Navigation

To identify interneurons that function in navigation (Fig. 3), we traced the predominant
synaptic output of sensory neurons using two approaches (Fig. 3, Supplemental
Methods). In the first approach, we identified circuit paths from the amphid sensory
neurons to any head motor neurons or command interneurons, focusing on the shortest
paths with the most synapses or gap junctions. The command interneurons promote
either forward or backward movement; head motor neurons comprise a partially

independent motor system that can carry the animal forward even without the forward
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command neurons (Chalfie et al., 1985). In the second approach, we followed all
synaptic output of the sensory neurons through four layers of downstream synapses,
ignoring connections representing only a small fraction of the previous layer’s output.
This second approach (summarized in Supplementary Table 1) was unbiased with regard
to the final output, but the majority of neurons and connections identified were the same

as those identified in the first approach.

Four groups of neurons emerged as major direct and indirect targets of the amphid
sensory neurons (Fig. 3, Supplementary Table 1, Methods). Half of all synaptic output
from the amphid was directed to the interneurons AIA, AIB, AlY, and AIZ (layer 1).
These neurons in turn directed a large fraction of their output onto the RIA and RIB
interneurons and the head motor neurons RIM and SMB (layer 2). In C. elegans, many
motor neurons, including RIM and SMB, also synapse onto other neurons. Layer 2 had
some synapses onto muscles, but more than half of its output was directed to layer 3,
comprised of additional head interneurons and motor neurons (layer 3a: SAA, RIV,
RMD, SMD, SIA, and SIB) and the command interneurons (layer 3b). Head motor

neurons synapse mostly onto each other and onto muscles in the head.

To test the role of interneurons and motor neurons, we ablated individual neuronal classes
and examined spontaneous reversals and omega turns on food and off food during local
search and dispersal behaviors. The three interneurons AlZ, AIB, and AlY each had
preferential effects on one of the three behavioral states. On food, killing the AIZ

neurons resulted in animals with a reduced frequency of short reversals (Fig. 4A). None
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of the other interneurons had strong effects on food. The local search behavior after
removal from food was strongly affected by killing the AIB interneurons (Fig. 4B).
Animals lacking these cells did not exhibit a strong stimulation in long reversals and
omega turns upon removal from food. Instead, like AWC or ASK ablated animals, they
exhibited premature dispersal behavior, with long runs of forward movement. Dispersal
behavior was most strongly affected by killing the AIY interneurons (Fig. 4C). After half
an hour off food, animals lacking AIY failed to suppress all classes of reversals and

omega turns, instead exhibiting a behavior pattern reminiscent of the local search state.

To further understand the relationships between sensory neurons and interneurons, we
examined animals in which multiple classes of neurons were inactivated. Guided by the
neuroanatomy in Fig. 3, we assayed several compound lesions. AWC and AlY have
opposite effects on reversals and omega turns, and AWC synapses onto AlY, suggesting
that AWC might act by directly inhibiting AIY. Indeed, animals lacking both AWC and

AIY resembled those lacking only AIY (Fig. 4G).

Both osm-6 sensory mutants and AlY ablated animals exhibited persistent reversals and
turns during the normal period for dispersal. Killing AIY in osm-6 mutants further
increased reversals and turns both on and off food (Fig. 4H), indicating that AIY can

suppress reversals and turns even when sensory neurons are defective.

Eliminating AIY (with a 7tx-3 mutation, which also eliminates several other cells) and

AIB (by ablation) resulted in an animal distinct from either single manipulation (Fig. 41):
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short reversals were frequent (similar to when AIY was killed), long reversals and omega
turns were decreased (as when AIB was killed), and as a result neither local search nor
dispersal behavior was normal. Thus, the functions of the AIB and AIY interneurons

may be additive, suggesting that these neurons act at least partly in parallel.

The interneurons and motor neurons that receive input from AIB, AIY, and AIZ (Fig. 3)
were also analyzed systematically. Their functions were more selective than those of
layer 1 interneurons, suggesting a transition from the coordinated regulation of
exploratory behaviors (AIB, AlY) to a distributed regulation of smaller sets of behaviors
at layer 2. Like animals lacking AIY, animals in which the RIM motor neurons were
killed showed an inappropriate persistence of short reversals after removal from food
(Fig. 4D); several gap junctions connect AIY and RIM. Like animals lacking AIB,
animals in which RIB interneurons were killed had fewer long reversals and omega turns
during local search (Fig. 4E); AIB synapses onto RIB. The RIA interneurons had a small
effect on long reversals (Fig. 4F). The transition from coordinated control to individual

behaviors became more marked in layers 3a and 3b, as described below.

The Navigation Circuit Regulates Reversal Frequency via the AVA
Command Neurons and Omega Turns via SMD and RIV Head Motor
Neurons

Information from the navigation interneurons can be transmitted to the muscles either
through the command neurons and downstream ventral cord motor neurons, or through

motor neurons in the head including RMD, SMD, SMB, SIA, SIB, RIM, and RIV
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(White, 1986)(Fig. 3). Head neurons belong to symmetrical groups of two (RIM, RIV),
four (SMD, SMB, SIA, SIB) or six (RMD) neurons (Fig. 5G legend). Three different
sets of muscles are differentially innervated by ventral cord and head motor neurons (Fig.
5G)(White, 1986). The most anterior four rows of muscles, the head muscles, are
innervated only by head motor neurons. The next four rows of muscles, the neck
muscles, are innervated by head motor neurons and ventral cord motor neurons. The last
sixteen rows of muscles are innervated mainly by ventral cord motor neurons, with minor

synapses from head motor neurons at the anterior end.

Reversals and backward movement require the backward command neurons AVA and
AVD (Chalfie et al., 1985), with minor cross-talk from the forward command neurons
AVB and PVC (Zheng et al., 1999). AVA and AVB receive input from the navigation
circuit (AIB, RIB, RIM, and SMB) (Fig. 3). Animals lacking the AVA neurons were
unable to generate long reversals under any conditions, and generated abnormally few
short reversals on food (Fig. SA). However, omega turns were present at approximately
normal frequencies. These results suggest that the navigation circuit stimulates long
reversals via the command neuron AVA but can generate short reversals and omega turns

using other motor pathways.

Several classes of head motor neurons inhibited reversals. Killing RIM increased the
frequency of short reversals; killing both RIM and AV A neurons suppressed the effect of
eliminating RIM (Fig. 5A). RIM forms synapses and gap junctions onto the command

interneurons, suggesting that it may inhibit short reversals through these connections.
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SMB motor neurons also synapse onto the command neurons, and SMB inhibited short
reversals to a lesser extent (Fig. SF). Neither RMD nor SMD synapse directly onto the

command neurons, but killing either cell increased the frequency of reversals (Fig. 5B).

Head motor neurons could also affect forward locomotion. Killing the SMB neurons led
to a dramatic increase in the amplitude of dorso-ventral head swings, and resulting loopy
sinusoidal movement (Fig. 5I). These head bends were so steep that it was not possible

to score omega turns accurately when SMB was killed.

Omega turns were stimulated by SMD and RIV motor neurons. Killing SMD led to a
small but significant decrease in the frequency of omega turns (Fig. SB). Because of the
concomitant increase in reversal frequency, animals ablated for SMD executed many
reversals without omega turns (data not shown). Killing RIV neurons also led to a
decrease in the frequency of omega turns. Neither SMD nor RIV was required for
reversals, indicating that the final motor pathways for executing reversals

(command/ventral cord neurons) and omega turns (SMD, RIV) are largely distinct.

SMD Encodes Omega Turn Amplitude, and RIV Underlies the Ventral
Asymmetry of Omega Turns

We next analyzed specific features of the omega turn, a steep asymmetric bend that
usually occurs in the ventral direction (Croll, 1975). In intact animals, omega turns
occurred with high probability immediately after long reversals (Fig. 1C). In animals in

which SMD was killed, long reversals were followed by more shallow turns. The
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average angle of post-reversal turns was 137° + 8° in intact animals, and 72° +11° in
animals in which SMD was killed (Fig. SH). These results suggest that SMD neurons
control the steepness of turning to generate omega turns. RIV motor neurons had a
smaller effect on the steepness of turns but a dramatic effect on their ventral bias (Fig.
SH). In intact animals, the first head swing after a reversal was highly biased in the
ventral direction, even though not all turns in the ventral direction are omega turns (Fig.
5H). This ventral bias was lost in animals lacking RIV. Killing SMD did not alter the
ventral bias (Fig. SH). These results indicate that RIV biases both omega turns and other

post-reversal head swings in the ventral direction.

Among head motor neurons, the RIV motor neuron class is unique in innervating ventral
but not dorsal neck muscles (White, 1986). To ask whether the effect of killing RIV
could be attributed simply to a generic decrease in ventral muscle innervation in the head,
we killed ventral members of several other classes of head motor neurons (SMD, RMD,
SMB) while sparing dorsal members. These ablations did not affect the frequency of
omega turns, but did in some cases result in gentle curvature of forward movement over

the course of several head bends (data not shown).

Discussion

Sensory neurons and interneurons regulate the transition between
exploratory behavioral states.
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C. elegans has distinct exploratory states in which it changes its overall pattern of
locomotion based on its recent experience with food (this work and (Hills et al., 2004;
Sawin et al., 2000; Wakabayashi et al., 2004)). The animal’s behavior upon removal
from food moves from an initial local search state, with many reversals and omega turns,
to a subsequent dispersal state with few reversals and omega turns. These two behavioral
states require distinct sets of sensory neurons and interneurons (Fig. 5J). The AWC,
ASK, and AFD sensory neurons and the AIB and RIB interneurons increase the
probability of reversals and turns in the local search state. The ASI sensory neurons and
the AIY interneurons decrease the probability of reversals and omega turns and are

required for the dispersal state.

In some respects these exploratory behaviors echo the biased random walk, or pirouette,
model of chemotaxis. A high frequency of pirouettes is observed after an unfavorable
change in the environment (in this case, the disappearance of food). However, in a
constant environment, pirouettes eventually decrease to a low baseline level, leading to
dispersal. During chemotaxis, the frequency of pirouettes adapts quickly to a change in
the stimulus, returning to baseline within a few minutes. By contrast, in exploratory
behavior after removal from food the rate of turning falls much more slowly. These
results suggest that pirouette rates are regulated by sensory experience across a variety of

time scales.

When combined with synaptic connectivity data (White, 1986), the effects of laser

ablations on turning frequency can be used to make predictions about the nature of
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neurotransmission within the circuit. For example, AWC synapses heavily onto AlY, but
these two neurons have opposite effects on turning frequency. A simple hypothesis is
that release of neurotransmitter from AWC inhibits AI'Y activity. Based on this logic,

many of the synapses in the navigation circuit may be inhibitory.

The high level of pirouettes during local search behavior reflects a sensory memory of
food that is expressed by the navigation circuit. Because ASK and AWC are required for
local search, it is possible that the memory of food is partially encoded in the activity of
these neurons. The transition from local search to dispersal requires the ASI sensory
neurons. Dispersal may be caused by an increase in ASI activity, a decrease in AWC or
ASK activity, inputs that have yet to be identified, or some combination of the above.
Both serotonin and the TGF- molecule DAF-7, which is produced by ASI, contribute to
this transition. Serotonin and TGF-8 affect a variety of other neuronal responses

associated with starvation (Ren et al., 1996; Sawin et al., 2000).

The AIB interneurons associated with local search and the AIY interneurons associated
with dispersal have been identified in several recent papers that examined spontaneous
reversal behaviors off food (none of the other studies examined omega turns and different
kinds of reversals separately). Wakabayashi et al. (Wakabayashi et al., 2004) described a
local search-like behavior shortly after removal from food, which they call pivoting, and
a later dispersal behavior, or traveling. Pivoting required AIB interneurons, like local
search, and the suppression of reversals in traveling required AIY neurons. AlY also

suppresses reversals in other sensory paradigms, and has a smaller role suppressing
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reversals during local search and on food (this work, (Ryu and Samuel, 2002; Tsalik and

Hobert, 2003; Zariwala et al., 2003)).

Perhaps surprisingly, the sensory neurons identified in different exploratory paradigms
were not identical. After removal from food, pivoting requires ASK and AWC sensory
neurons, like local search behavior, but is also regulated by AWA and ADL, which did
not affect local search (Wakabayashi et al., 2004). A different short-term reversal assay
scored between 1 and 4 minutes off food was affected by ASE, AWA and AFD sensory
neurons, but not AWC (Tsalik and Hobert, 2003). Long-term traveling behavior was
sensitive to ADF, ASH, and AWA sensory neurons, as well as ASI (Wakabayashi et al.,
2004), but dispersal required only ASI. Behavior in another assay that compared
reversals at short and long times was regulated by dopamine signaling (cat-2, which
encodes a putative tyrosine hydroxylase), which did not have strong effects in our assays
(data not shown)(Hills et al., 2004). We suggest that these differences may be due to the
complete set of sensory changes that animals experience when they are removed from
food. Our assays in the absence of food were conducted on nematode growth medium
(NGM) agar plates, the same plates used for cultivation, whereas others transferred the
animals from food to low osmotic-strength assay plates (Hills et al., 2004) or agarose
plates that differed from NGM agar in their mechanical properties, pH, and cholesterol
content (Wakabayashi et al., 2004). Dopamine mechanosensory signaling is strongly
enhanced at low osmotic strength (Schafer et al., 1996), and traveling varies depending
on the chemical composition of the assay plate (Wakabayashi et al., 2004). One

interpretation of the different results is that animals respond rapidly to changes in food,
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chemicals, and osmolarity by regulating reversals and turns; over time, they adapt slowly
to all sensory differences between the new condition and their previous condition, leading
to a slow transition to the dispersal state. The exact conditions of the assay would define

the dominant sensory neurons.

The ALY interneurons have roles in at least four behaviors: dispersal, thermotaxis,
regulation of swimming behavior in response to chemical and thermal cues, and
behavioral plasticity in paradigms in which starvation is paired with a thermal cue or
chemical cue (Ishihara et al., 2002; Mori and Ohshima, 1995; Tsalik and Hobert, 2003).
The roles of AIY in thermotaxis and swimming regulation are rapid, and can be
explained by direct inputs from sensory neurons onto AIY. However, some of AIY’s
effects on plasticity could be indirect effects of its general function in suppressing turns
and reversals. The frequent reversals in animals lacking AIY could alter locomotion and

navigation under many conditions.

Head and Neck Motor Neurons Control Omega Turns and Sinusoidal
Movement

The predicted connectivity of C. elegans suggests that information from sensory neurons
is ultimately directed to head and neck motor neurons that mediate sinusoidal movement
and omega turns, and to forward and backward command interneurons. Long reversals
are normally tightly coupled to omega turns, but animals lacking the AVA backward

command neurons had normal omega turns in the near-complete absence of reversals.
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Conversely, SMD and RIV were important in omega turns but were not required for

reversals. Thus reversal and omega turn behaviors have distinct final motor pathways.

We found at least four distinct functions for different classes of head motor neurons:
regulation of omega turn amplitude (SMD), regulation of omega turn ventral bias (RIV),
suppression of short reversals (RIM), and regulation of sinusoidal amplitude (SMB). The
RIV motor neurons may provide a ventral bias to omega turns by making synapses only
onto ventral muscles; most other head motor neuron classes innervate both ventral and
dorsal muscles. The steepest part of the omega bend originates in the neck region (Fig.
1A), where SMD neurons form abundant synapses. Excitatory synapses from SMD to

this region may shape the specific properties of the omega turn.

Killing the SMB head motor neurons resulted in high-amplitude sinusoidal movement.
This result was surprising, since sinusoidal movement was thought to be generated
primarily by body motor neurons. A different kind of loopy behavior, restricted to the
head, is observed when RME motor neurons are killed (Mclntire et al., 1993). RME
forms neuromuscular junctions only onto the most anterior head muscles, whereas SMB
innervates head and neck muscles, as well as innervating RME (Fig. 5G). These results
suggest that neck muscles can regulate the overall amplitude of sinusoidal forward

movement.

Navigation and Probabilistic Behavior
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Many features of the navigation circuit remain to be defined. Chief among these is the
relationship between this circuit and chemotaxis and thermotaxis behaviors. The sensory
neurons involved in chemotaxis and thermotaxis, AWC, AFD, AWA, and ASE, synapse
primarily onto the circuit described here, and the interneurons AIY, AIZ, and RIA are
required for thermotaxis (Mori and Ohshima, 1995). The regulation of reversals and
turns by the circuit described here may play a role in the biased random walk component

of taxis.

The well-studied escape behaviors in C. elegans are deterministic: a mechanical or
chemical repellent leads to a rapid and reliable reversal. By contrast, navigation is
probabilistic: it can be described as a set of frequencies, but the exact timing of a
particular reversal or turn is unpredictable. Different behavioral states were associated
with characteristic frequencies of reversals and omega turns. Most sensory neurons and
interneurons regulated the probabilities of several behaviors in a behavioral state. By
contrast, motor neurons were more specialized and could even affect individual features
of movements. The mechanisms for generating probabilistic behavior are likely to reside
in the transformation of information between the sensory neurons, interneurons, and

motor neurons in this circuit.
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Supplemental Methods

Behavioral Assays

Animals were grown at low density at 20°C. At least one day before assays were
performed, each animal was placed on its own agar plate seeded with the bacterial strain

OP 50 (Brenner, 1974). Animals were assayed in the first three days of adulthood.

Animals were first observed on food in covered plates for five minutes. If the animal
wandered off the food, the assay was aborted and performed again later. Animals were
then gently transferred off food with a platinum wire and immediately transferred onto a
fresh, foodless NGM plate (Brenner, 1974) that had been air-dried at room temperature
for 45-90 minutes prior to the assay. Behavior was scored by direct observation at a
Leica M3Z dissecting microscope with the power supply set to 3 V AC. Plates were
carefully moved by hand during the assay so that the animal could be observed as it
moved across the plate. Observation began one minute after transfer, since the transfer

suppresses turning for about one minute (Zhao et al., 2003).

Any backward movement of the entire body was scored as a reversal. Reversal lengths
were scored according to the diagram in figure 1A, where reversals of three or more head
swings constituted long reversals, and reversals of two or fewer head swings constituted

short reversals. This distinction was based on the empirical observation that reversals of

three or more head swings occur only rarely on food (Figure 1E). A continuous period of
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backward movement was scored as a single reversal. Backward movement that was
interrupted by a pause or a brief period of forward movement was scored as two distinct
reversals. Omega turns were visually identified by the head nearly touching the tail or a
reorientation of > 135 degrees within a single head swing. These criteria were chosen
because worms rarely make dorsal turns that match them. For ease of scoring, a UNIX-
based Perl script (available upon request) caught keystrokes representing reversals,
reversal lengths, and omega turns. During behavioral assays, the script was used in
conjunction with Dragon NaturallySpeaking (ScanSoft) voice recognition software for

hands-free scoring.

During the experiment, the room temperature was between 20-24°C. Animals that
collided with the plastic edge of the plate more than three times during a five-minute
assay were discarded. All animals were scored by an investigator blind to the genotype

or ablation status of the animal.

To score post-reversal turn angles, animals were video-recorded during the first twelve
minutes off food. Angles were measured from the video using two separate frames for
each reversal: (1) the frame immediately before the reversal occurred and (2) the frame
1/2 body length after the reversal ended. An observer blind to the animal’s status drew
lines denoting the worm’s apparent heading (in the direction of forward movement) at
frames (1) and (2). The reorientation angle was the change between these two frames,

where ventral represented positive angles, and dorsal represented negative angles. In the
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case of SMD vs. control, only long reversals were considered, since some ablated animals

executed frequent short reversals.

Analysis of Circuit Data from White et al., 1986

Digitized data of synaptic connections from two animals (N2U, an adult hermaphrodite;
and JSH, an L4 hermaphrodite) (White, 1986) were generated by Richard Durbin and

kindly offered online (http://clegans.swmed.edu/parts). Two Perl scripts were created,

one to exhaustively find and display point-to-point connections (connect.pl) and another
to tabulate connections and compute percentages (tabulate.pl). These are available upon

request.

The circuit diagram in Figure 3 was created using three separate approaches, all making
use of both N2U and JSH data, although the numbers reported in the figure are those
from N2U. For the first approach, circuit paths from the amphid sensory neurons to head
and neck motor neurons and to the command interneurons were identified (using
connect.pl). Paths with more than two intermediate nodes were discarded, as were paths
with small numbers of synapses or gap junctions. Intermediate nodes were arranged in

Figure 3 to minimize the length of connecting arrows.

In the second approach, tabulate.pl identified the full complement of neurons downstream

of amphid sensory neurons. The most prominent downstream neurons (see below) were

classified as layer 1 interneurons. The tablulate.pl analysis was then repeated starting
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with the layer 1 interneurons. Three rounds of this analysis generated three layers of
downstream neurons. Most of the neurons from this analysis were also identified in the
first approach. Layer groupings were intended to simplify the circuit diagram to facilitate

understanding, but in some cases the assignments are arbitrary.

Neurons included in each layer (except layer 0, which represented the amphid sensory
neurons) passed several inclusion criteria: (1) they represented at least 5% of the previous
layer’s electrical or chemical synaptic output (assuming number of synapses correlated
with strength of connection); (2) they included some input from the major
chemotaxis/thermotaxis neurons AWA, AWC, ASE, and AFD (in the case of layer 1) or
from multiple neurons in the previous layer (layer 2); (3) they were not more

appropriately or conveniently assigned to another layer.

Neurons that matched criterium (1) but were disqualified according to criterium (3)
included RIA (excluded from layer 1), AWA and ASI (excluded from layer 2), and RIB
(excluded from layer 3). Neurons matching (1) but disqualified according to (2) included
ADA, RMG, PVQ, and RIC (excluded from layer 1) and RIG and DVC (excluded from
layer 2). AVK and AVE were excluded from layer 3 because they were neither head
motor neurons nor command neurons. Head motor neurons URA, IL1, RME, RMF,
RMH, and RMG did not match criterium (1) and were not included in Figure 3 or
Supplementary Table 1. RMG, the only motor neuron with direct input from amphid
sensory neurons, received synapses only from sensory neurons implicated in avoidance

responses (AWB, ADL, ASK, and ASH).
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In the third approach, inputs to head and neck motor neurons were examined to identify
neurons that made a different number of connections to the dorsal and ventral members
of a single motor neuron class (e.g. RMD dorsal vs. RMD ventral). This analysis
identified one additional neuron class, RIV, as well as neurons identified from the first

two approaches.
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Figure legends

Figure 1. Regulation of Reversals and Omega Turns During Feeding, Local
Search, and Dispersal.

A. Four different examples of reversals of different lengths and degrees of reorientation.
Tracks are visible as indentations in the agar. rl, reversal with a single head swing
followed by a ~40° change in direction; r2, reversal with two head swings and a ~70°
change in direction; R3, reversal with three head swings and a ~90° change in
direction; R4, reversal with four head swings followed by an omega turn, resulting in
a ~170° change in direction. Blue dots indicate position of the animal’s head at the
start of the reversal. Anterior is up. In the rightmost panel, D indicates the dorsal
side and V the ventral side of the animal during the omega turn.

B. Some omega turns occur in the absence of a reversal, but most occur after a reversal.
Most omega turns occur after a reversal of length R3+ (three head swings or greater).
N= 285 omega turns. Animals were scored at 1-12 minutes off food.

C. The longer a reversal, the more likely it is to terminate in an omega turn. N= 249
omega turns. Animals were scored at 1-12 minutes off food.

D. Tracks of individual animals feeding on food, in the local search period during the
first 12 minutes off food, and during dispersal after 40 minutes off food. The time
intervals shown represent about 10 minutes, five minutes, and 30 seconds,
respectively.

E. Frequency of short reversals (r1, r2), long reversals (>R3), and omega turns during 5-

minute intervals on food and at different intervals off food.
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Figure 2. Sensory Regulation of Local Search and Dispersal Behaviors.

A. osm-6 (p811) mutants exhibit dwelling-like behavior (feeding behavior) in the
absence of food, with more short reversals and fewer long reversals than controls.
B. Animals with all amphid neurons killed have abnormal local search and dispersal
behaviors.
C. osm-3 (p802) mutants exhibit milder defects in the absence of food.
D.,E. Killing the AWC or ASK neurons blunts local search behavior, with fewer long
reversals and omega turns at 1-6 and 7-12 minutes.
F. Killing ASI disrupts dispersal behavior. Killing ASI and AWC gives a mixed defect.
G.-N. Killing ASH, AFD, AWB, ADL, ASJ, AWA, ASE, or ASG sensory neurons has
minor effects or no effect on feeding, local search, and dispersal behaviors.
O. tph-1 (mg280) mutants exhibit dwelling-like behavior off food, as
indicated by higher frequency of short reversals.
For Figures 2,4 and 5, the “food” column refers to a five minute interval on food, and the
other columns refer to intervals after removal from food. The 1-6 and 7-12 minute
intervals correspond to the local search state, and the 35-40 minute interval corresponds
to dispersal. Short reversals, r1 or r2; long reversals, >R3 (see Fig. 1). For each data
point, the circle size indicates the frequency of the behavior. Gray circles indicate
controls or values not significantly different from controls. Colored circles denote
statistical significance; blue circles indicate increases from control values and red circles

indicate decreases. The absence of a symbol indicates a value between 0 and 0.05; a red
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zero indicates a value in the same range that is statistically different from the control. nd

= not done.

Figure 3. A Predicted Circuit for Navigation

A. Data from serial section reconstructions of electron micrographs (White, 1986) were
used to assemble a circuit, as described in Supplementary Methods. Each of the
following neurons represents a bilaterally symmetric left-right pair: AWC, ASI, ASK,
AlY, AlZ, AIB, AIA, RIA, RIM, RIB, RIV. The head and neck motor neurons RMD,
SMD, SIA, SMB, and SIB each have four members that innervate muscle quadrants (see
Fig. 5). The interneuron SAA also has four members, a ventral and dorsal member on
each side. RMD is a class of six radially arrayed neurons. Red dotted lines indicate
connections that were asymmetric in the dorso-ventral direction (e.g., 7 of 8 synapses
from AIB to SMD are to the dorsal SMDs). The command interneurons are indicated in
green.

B. A schematic showing information flow from sensory neurons to motor neurons.

Figure 4. Interneurons Regulate Pirouette Frequency

A. Killing AIZ reduces reversals during feeding.

@

Killing AIB disrupts local search behavior.

Killing AIY disrupts dispersal behavior.

o O

Killing RIM increases short reversals during feeding, local search, and dispersal.
E. Killing RIB reduces reversals during local search.

F. Killing RIA slightly decreases reversals during local search and dispersal.
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G. AWC-AIY double ablated animals resemble Al'Y-ablated animals.
H. Killing AIY in an osm-6 (p811) background increases reversals and turns.
I. Killing AIB in a ttx-3 (mg280) background reduces reversals and turns.

Figure 5. Motor Neurons and the AVA Command Neuron have Discrete
Functions in Reversals, Omega Turns and Sinusoidal Movement.

A. Killing AVA eliminates long reversals in local search and diminishes short reversals
during dwelling. Killing both RIM and AVA results in fewer reversals than an RIM
ablation alone.

B. Killing SMD reduces the frequency of omega turns. Killing either SMD or RMD
increases reversal frequency.

C. Killing RIV reduces the frequency of omega turns.

D., E. Killing SIA or SIB does not affect omega turns.

F. Killing SMB increases short reversal frequency. ~ indicates that because of loopy

movement, omega turns could not be accurately scored.

G. Anatomy of head and neck motor neurons and muscles. Left, innervation of the first

ten muscle rows, and approximate position of the muscle rows with respect to the

pharynx (gray). Muscle groups are symmetric on the left and right sides; in this
schematic only dorsal left and ventral left muscles are shown. SIA and SIB were
originally identified as interneurons, but also have neuromuscular junctions (David Hall,
personal communication). IL1, URA, RMF, RMG, and RMH motor neurons are not
shown. Right, the four muscle quadrants: dorsal-left (DL), dorsal-right (DR), ventral-left

(VL), and ventral-right (VR), and the location of head motor neuron synapses onto the

muscles in the nerve ring.
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H. Killing SMD reduces the amplitude of turns after a reversal, and killing RIV
eliminates the ventral bias of post-reversal turns. Turns were scored immediately after a
reversal (Fig. 1A). Green arrows and numbers indicate the average angle by which the
direction of movement changed after the turn. A ventral turn was scored as positive (0-
180°)(blue dots), and a dorsal turn as negative (0-180°)(red dots). Black arrows and
numbers indicate the average absolute angle by which the direction of movement
changed after the turn. For this analysis, both ventral and dorsal turns were scored as
positive (0-180°). Sample sizes are 30, 27, 41, and 68 for control (SMD), SMD, control
(RIV), and RIV (at least three worms each). t-test comparisons indicate statistical
significance at p < 0.02 for SMD vs. control and RIV vs. control, comparing either the
averages or the averages of the absolute values.

1. Killing SMB results in deeply flexed. loopy sinusoidal movement. Movement tracks
are visible on the agar.

J. Neuronal functions in the navigation circuit from sensory input to motor output. ASI
may act partly by inhibiting AWC. ASK and AWC may act by inhibiting AI'Y and
stimulating AIB. Omega turns are generated by head motor neurons, and reversals by the

command interneurons.

Supplementary Table 1. Predicted Navigational Circuit Connectivity. Data are
averaged across the N2U and JSH worms from White et al, 1986. In each column,
percentages represent the percent of connections that neurons in one row make up out of
the total connections to neurons in all rows. For example, amphid neurons (layer 0)

receive 13% of their synaptic input from layer 1, while layer 1 sends 11% of its synaptic
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output to layer 0. The “Receive” column describes connections for which the layer listed
at top is postsynaptic. The “Send” column describes connections for which the layer at
top is presynaptic. Gap jxn refers to gap junctions. Columns do not always add up to
100% due to effects of rounding. Layer 0 contains the twelve amphid sensory neurons
(AWC, AWB, AWA, ASI, ASG, ADL, ADF, AFD, ASH, ASE, ASJ, and ASK). Layer 1
contains the interneurons AIA, AIB, AlY, and AIZ. Layer 2 contains the interneurons
RIA and RIB and the head motor neurons RIM and SMB. Layer 3a contains the head
motor neurons RIV, RMD, SMD, SIA, SIB, and the interneurons SAA. Layer 3b
contains the command neurons AVA, AVB, AVD, and PVC. Inclusion criteria were the

same as for Figure 3.
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Figure 2.1
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Figure 2.2
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Figure 2.3
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Figure 2.4
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Figure 2.5
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Suppleme= patary Table 2.1
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Oxygen Sensation and Social Feeding Mediated by a C. elegans

Guanylate Cyclase Homolog

Jesse M. Gray and David S. Karow (co-first authors), Hang Lu, Andy J.
Chang, Jennifer S. Chang, Ronald E. Ellis, Michael A. Marletta, and Cornelia
I. Bargmann

Introduction

Specialised oxygen-sensing cells in the nervous system generate rapid behavioural
responses to oxygen. We show here that the nematode Caenorhabditis elegans exhibits a
strong behavioural preference for 5-12% oxygen, avoiding higher and lower oxygen
levels. ¢cGMP is a common second messenger in sensory transduction and is implicated
in oxygen sensation. Avoidance of high oxygen by C. elegans requires the sensory
c¢GMP-gated channel tax-2/tax-4 and a specific soluble guanylate cyclase homolog, gcy-
35. The GCY-35 haem domain binds molecular oxygen, unlike the haem domains of
classical NO-regulated guanylate cyclases. GCY-35 and TAX-4 mediate oxygen
sensation in four sensory neurons that control a naturally polymorphic social feeding
behaviour in C. elegans. Social feeding and related behaviours occur only when oxygen
exceeds C. elegans’ preferred level, and require gcy-35 activity. Our results suggest that
GCY-35 is regulated by molecular oxygen, and that social feeding can be a behavioural

strategy for responding to hyperoxic environments.

All animals require oxygen as the essential electron acceptor in respiration and respond to

oxygen levels with behavioural and physiological changes. Soil, fresh-water, and marine
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animals encounter and avoid steep oxygen gradients in their natural environments(Wu,
2002)(Wannamaker and Rice, 2000)(Sylvia, 1998). In mammals, oxygen acts through
the hypoxia-inducible transcription factor HIF-1 to regulate erythropoietin production,
red blood cell development, angiogenesis, and cardiovascular physiology(Semenza,
2000). However, behavioural responses to oxygen occur much more rapidly than can be
explained by changes in transcription. For example, the mammalian carotid body
regulates ventilatory and circulatory responses to hypoxia within seconds(Lopez-Barneo,
2003). The molecular nature of rapid oxygen sensation in the nervous system is not well-

understood.

Results

GCY-35 Mediates Oxygen Sensation

An aerotaxis assay was developed to examine oxygen-related behaviours in the
nematode C. elegans. Washed wild-type animals were placed in a gas-phase oxygen
gradient from 0-21% produced by diffusion in a microdevice made in
poly(dimethylsiloxane) (PDMS)(Duffy et al., 1998) and allowed to move freely on an
agar surface (Fig. 1a,b). Animals distributed across the surface avoiding low oxygen
concentrations (<2%) as well as high oxygen concentrations (>12%) (Fig. 1c). The
avoidance of hypoxia is consistent with previous studies(Dusenbery, 1980), whereas

avoidance of hyperoxia has not been described.

cGMP has been implicated in oxygen responses in Drosophila, where a nitric

oxide-sensitive, cGMP-dependent kinase pathway mediates behavioural avoidance of
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hypoxia(Wingrove and O'Farrell, 1999). In cGMP second messenger cascades, cGMP is
produced from GTP by either membrane-bound guanylate cyclases or soluble guanylate
cyclases (sGCs). All active sGCs characterised to date contain a haem cofactor and are
activated by nitric oxide (NO), which is produced by NO synthase. Notably, however,
other hemoproteins can bind oxygen, and prokaryotic hemoproteins mediate aerotaxis to
preferred oxygen concentrations(Hou et al., 2000; Jain and Chan, 2003). The genome of
the nematode C. elegans contains seven predicted sGC homologues (gcy-31 through gcy-
37) but no predicted NO synthase, suggesting that these cyclases might detect ligands
other than endogenously-produced NO(Yu et al., 1997)(Morton et al., 1999). The GCYs
have the conserved histidine that ligates heme in mammalian f subunits (Suppl. Fig
1)(Morton, 2004b), and conservation of key catélytic residues from both a and B
mammalian subunits suggests that C. elegans GCY's could be catalytically active (Suppl.
Fig 1)(Morton, 2004b). These genes were examined in more detail to determine whether

they play arole in C. elegans oxygen sensing.

Previous studies demonstrated that gcy-32 is expressed in URX, AQR, and PQR
sensory neurons and that gcy-33 is expressed in BAG sensory neurons(Yu et al., 1997).
The expression patterns of gcy-34, gey-35, gey-36, and gey-37 were examined in
transgenic animals bearing reporter genes in which upstream sequences for each gene
were fused to sequences encoding the green fluorescent protein (GFP). Each transgene
was expressed in a small number of neurons (Fig. 2 and data not shown). Expression of
gey-34, gey-35, gey-36, and gey-37 was consistently observed in URX, AQR, and PQR
sensory neurons; gcy-35 expression was also observed in ALN, SDQ, and BDU neurons

and variably in AVM, PLM and PLN neurons, pharyngeal and body wall muscles, and

56

IRIVIAVAIRAY

UUU!



the excretory cell. The cells that reliably express gcy-31-gcy-37 have the morphology of
sensory neurons, suggesting a sensory role of the GCY proteins, but the sensory cues that

activate these cells are unknown.

A gcy-35(0k769) mutant from the C. elegans knockout consortium was
characterised in the aerotaxis assay. gcy-35(0k769) deletes sequences corresponding to
amino acids 456-545 of GCY-35, including key residues in the GC catalytic domain
(Suppl. Fig. 1), and should abolish any ability of the gcy-35(0k769) gene product to
produce cGMP. In striking contrast to wild-type animals, gcy-35(0k769) animals avoided
hypoxia but not hyperoxia in gas-phase oxygen gradients (Fig. 1d, Suppl. Fig. 2). This
defect did not appear to be due to a general locomotory deficit, as gcy-35 animals were
mobile and chemotaxis-proficient (data not shown). The aerotaxis defect was rescued by
expression of a gcy-35 cDNA in URX, AQR, and PQR (Fig. 1d, Suppl. Figs. 2,3). Thus
gcy-35 can act in URX, AQR, and PQR sensory neurons to mediate avoidance of

hyperoxic conditions.

c¢GMP can depolarise neurons by activating cyclic nucleotide-gated channels(Finn
et al., 1996). A cGMP-gated sensory transduction channel in C. elegans is composed of
two subunits encoded by the rax-2 and rax-4 genes, which are co-expressed with gcy-35
in URX, AQR, and PQR neurons(Coburn and Bargmann, 1996; Komatsu et al., 1996).
To ask whether GCY-35 might act upstream of the cyclic nucleotide-gated channel, rax-+4
and fax-2 mutant and tax-2; tax-4 double mutant strains were tested for aerotaxis
behaviours. Like the gcy-35 strain, tax-4 and rax-2 mutants failed to avoid hyperoxic

conditions (Fig. 1e; Suppl. Fig. 2,3). The tax-4 mutant defect was rescued by expression
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of tax-4 in AQR, PQR, and URX (Suppl. Figs. 2,3). These results indicate that the
c¢GMP-gated channel is required for avoidance of hyperoxia, perhaps as the target for
¢GMP produced by GCY-35. In support of this model, a tax-4; gcy-35 double mutant

exhibited an aerotaxis defect resembling that of single mutants (Suppl. Figs. 2,3).

GCY-35 Haem Domain Binds Molecular Oxygen

Gaseous ligands bind to sGCs through associated haem groups. To investigate the
potential ligand-binding characteristics of GCY-35, we cloned, expressed, and purified
the N-terminal predicted haem-binding fragment GCY-35(1-252). This protein was
soluble (unlike full-length GCY-35) and tractable for biochemical analysis. Previous
studies have shown that N-terminal haem-binding regions of the rat sGC 1 subunit,
B1(1-385) and B1(1-194), are spectroscopically similar to the full-length enzymes (data
not shown and (Zhao and Marletta, 1997)). Therefore, the GCY-35(1-252) haem domain

spectrum should be related to the ligand-binding characteristics of the full-length protein.

GCY-35(1-252) was characterised by UV/visible spectroscopic analysis in the
absence and presence of bound ligands. In an anaerobic environment, the purified
protein was chemically treated with ferricyanide and dithionite to remove any ligands and
to reduce the haem iron to its ferrous oxidation state. The Fe**-unligated, anaerobic
spectrum of this protein exhibited a Soret maximum of 430 nm and a single, broad o/

region that was similar to ferrous-unligated sGC (Fig. 3a,c).

To test for oxygen binding, the unligated protein was exposed to air and

immediately reanalysed by UV/vis spectroscopy. The resulting spectrum was

58

IMIVIRVARAR

VUJUI



characteristic of oxygen-bound haem, exhibiting a Soret maximum of 415 nm and a split
o/ region similar to ferrous-oxy haemoglobin, indicative of a ferrous, low-spin complex
(Fig. 3a,c). Like haemoglobin, GCY-35(1-252) was also able to bind NO and CO (Fig.
3c). In the presence of NO, GCY-35(1-252) exhibited a Soret maximum of 415 similar
to that of haemoglobin and a shoulder at 400 nm similar to the Soret maximum of NO-
bound sGC, suggesting that GCY-35(1-252) forms two stable nitrosyl complexes: a 5-
coordinate high-spin complex that is similar to sGC and a 6-coordinate, low-spin
complex that is similar to haemoglobin. The ligand-binding characteristics of the GCY-
35 haem domain were most similar to oxygen-binding proteins like haemoglobin, and
suggest that this protein could act as an oxygen sensor. No other native sGCs or sGC
haem domain fragments characterised to date have been found to bind O,. GCY-35(1-

252) is unique in this respect.

Oxygen Regulates Social Feeding Behaviour

The URX, AQR, and PQR neurons that co-express gcy-335 and tax-4 have
previously been implicated in cGMP-mediated behaviours. The cyclic nucleotide-gated
channel TAX-4 is required in these neurons to promote social feeding, or aggregation on
a bacterial lawn, and bordering, the accumulation of animals on the thickest part of a
bacterial lawn(Coates and de Bono, 2002). Aggregation, bordering, burrowing into agar,
and hyperactive locomotion represent a cluster of related behaviours that are not
pronounced in the standard C. elegans laboratory strain, N2. However, social feeding
behaviours are prominent in naturally isolated C. elegans strains that differ from N2 at
the npr-1 locus and in N2 strains that are deficient for the function of npr-1(de Bono and

Bargmann, 1998). npr-1 encodes a G protein-coupled receptor for FMRFamide-like
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neuropeptides, and high levels of npr-1 activity suppress aggregation and bordering
behaviours(Rogers et al., 2003). tax-4 cGMP signaling stimulates aggregation and
bordering by activating the URX, AQR, and PQR neurons (as well as other neurons),
whereas npr-1 functions in URX, AQR, and PQR to inhibit aggregation and
bordering(Coates and de Bono, 2002). These reciprocal results suggest that the activity

of URX, AQR, and PQR regulates aggregation and bordering behaviours.

If the GCYs expressed in URX, AQR, and PQR are molecular oxygen sensors, then
oxygen should regulate the activity of these cells. To test this hypothesis, aggregation
and bordering behaviours were examined in animals exposed to a constant flow of gas
with different concentrations of oxygen. Initial experiments were conducted by shifting
animals from 21% to 7% oxygen, the concentration that was preferred by C. elegans in
aerotaxis experiments. npr-1(ad609) is an EMS-induced loss-of-function mutation, and
npr-1(g320) is the reduced-function allele of npr-1 present in natural social strains(de
Bono and Bargmann, 1998). npr-1(ad609) mutants shifted to 7% oxygen rapidly
suppressed both aggregation and bordering behaviours (Fig. 4b,d,f). Suppression was
evident within three minutes of shifting to 7% oxygen and was stable for at least thirty
minutes following the shift (Fig. 4d,f). A return to 21% oxygen led to the reappearance
of aggregation and bordering behaviours within three minutes (Fig. 4d,f). Similar effects

were seen with npr-1(g320) (data not shown).

A smaller shift from 21% oxygen to 15% oxygen or 10% oxygen led to a similar,
but less marked suppression of aggregation and bordering behaviours (Fig. 5a,b). In all

cases, the change in behaviour was reversed by returning to 21% oxygen. Thus decreases
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in oxygen lead to a dose-dependent suppression of social feeding behaviour, suggesting

that oxygen serves as a quantitative regulator of social feeding by URX, AQR, and PQR.

Bacteria Alter Oxygen Levels and Responses

All behaviours in the social feeding cluster are most pronounced in the presence of
bacterial food(de Bono and Bargmann, 1998). The aerotaxis assay is conducted in the
absence of food, and under these circumstances npr-1 strains exhibited aerotaxis with
preferred concentrations similar to those preferred by N2 animals (Fig. 1f). Because
social behaviours are food-induced, we also tested aerotaxis in N2 and npr-1 strains in
the presence of food (Fig. Sc, Suppl. Fig. 2). On a thin bacterial lawn, aerotaxis
behaviours in N2 were blunted, with a greatly reduced avoidance of hyperoxia. By

contrast, npr-1 strains exhibited robust hyperoxia avoidance in the presence or absence of

food.

How does oxygen sensation relate to the cluster of social feeding behaviours? We
observed that the thick lawns of E. coli that are usually fed to C. elegans consume oxygen
more quickly than oxygen diffuses through the lawn. The border of a thick lawn has an
effective oxygen concentration of 12.8%, compared to 17.1% in the center of the lawn
(Fig. 5d). Thus bordering behaviours may be caused, in part, by the strong preference of

npr-1 strains for lower oxygen concentrations.

Moderate bordering behaviour is evident in N2 animals grown on thick bacterial
lawns, consistent with the moderate hyperoxia avoidance that N2 exhibits on food. N2

B ordering behaviour was suppressed by a shift from 21% to 7% oxygen (Fig. 4a,d) or
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from 21% to other low oxygen concentrations (Fig. 5a). Conversely, bordering in the N2
background was stimulated by a shift from 7% to 21% oxygen (Fig. 4d). N2 animals
aggregate for the first 20 minutes after transfer to a fresh bacterial lawn (i.e., a lawn with
no worms on it)(de Bono et al., 2002). This aggregation was suppressed at 7% oxygen
(Fig. 4g,h). Thus oxygen acts in parallel to npr-1, regulating social feeding behaviours

regardless of the npr-1 genotype of the animal.

In the N2 genetic background, gcy-35 mutants exhibited lower levels of
aggregation and bordering than wild-type animals (Fig. 4c,e,g). Changes in oxygen
concentration between 21% and 7% had little effect on bordering behaviour in gcy-35
mutants (Fig. 4¢). Moreover, gcy-35 mutants aggregated less than N2 when placed on a
fresh bacterial lawn under 21% oxygen (Fig. 4g). Expression of a gcy-35 cDNA in URX,
AQR, and PQR restored the oxygen sensitivity of these mutants (Fig. 4e). These results
suggest that oxygen acts through gcy-335 to regulate aggregation and bordering, a process
that is antagonised by npr-1 activity. Indeed, an independent study recently showed that
gey-35; npr-1 double mutants do not border or aggregate(Cheung et al., 2004). Like gcy-
35 mutants, fax-4 mutants responded poorly to changes in oxygen levels, suggesting that
oxygen regulation of social feeding behaviour depends on cGMP-gated channels (Suppl.

Fig. 3).

Discussion

These behavioural results demonstrate that GCY-35 is required for avoidance of
hyperoxia and for oxygen-induced aggregation and bordering. Biochemical evidence

suggests that GCY-35 forms a stable ferrous-oxy complex. Canonical NO-sensitive
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sGCs do not bind oxygen; indeed, their inability to bind oxygen is essential to their
ability to sense NO, since the NO:O; ratio in tissues is about 1:1000(Malinski and Taha,
1992; Malinski et al., 1993). By analogy with the NO-sensitive sGCs, we suggest that
oxygen modulates GCY-35 guanylate cyclase activity, either directly or by competing
with other activators like NO. Although catalytic activity remains to be demonstrated,
several bacterial and archaeal haem domains mediate aerotaxis(Hou et al., 2000), and one
other sGC-like haem domain, Tar4H from Thermoanaerobacter tengcongensis, has been
found to bind oxygen(Karow et al., 2004). Our results suggest that the soluble guanylate

cyclase GCY-35 may represent one member of a new class of oxygen-sensitive sGCs.

GCY-35 mediates oxygen sensing in URX, AQR, and PQR. The URX sensory

ISRV (Y

neurons have dendrites that extend to the tip of the nose, suggesting that URX detects
external stimuli. The AQR and PQR neurons extend dendrites with ciliated endings into
the pseudocoelom, an internal, fluid-filled cavity immediately under the

epithelium(White, 1986). AQR and PQR may detect internally generated stimuli or

CAVAV])

internal levels of externally produced stimuli. Based on its rate of diffusion through
water, molecular oxygen should diffuse from the environment to the AQR and PQR

sensory endings in less than a second.

Because oxygen diffuses rapidly through small animals like C. elegans, it does not
become a limiting factor for respiration until it reaches external concentrations below
4%(Anderson, 1977; Van Voorhies and Ward, 2000). Above 4% oxygen, additional
increases in oxygen do not affect respiration, but are likely to increase cellular oxidative

damage, since the propensity to produce reactive oxygen species will increase with
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oxygen concentration(Imlay, 2003). One mechanism for protecting against such damage
may be a behavioural preference for lower oxygen environments. This strategy has been
well-characterised in bacteria, which distribute in oxygen gradients in characteristic
bands at their preferred concentration(Barak et al., 1982). In C. elegans, behavioural
preference for lower oxygen concentrations could also result from factors unrelated to
oxidative stress; for example, low oxygen may signal the presence of food in the form of

actively growing bacteria that consume oxygen more quickly than it diffuses through soil.

Our results suggest that social feeding behaviour represents an integrated
behavioural response to aversive hyperoxic conditions (Fig. 5e). Accumulation at the
border of the lawn may represent direct aerotactic avoidance of hyperoxia. By contrast,
small groups of animals are unlikely to create oxygen gradients sufficient to attract more
animals. We propose that high oxygen and other aversive chemical stimuli(de Bono et
al., 2002) serve as sensory triggers that can initiate social behaviour by activating

chemotaxis or mechanotaxis to other animals.

An independent study found that mutations in either gcy-35 or the related gene gcy-
36 suppress bordering and aggregation in npr-/ mutants(Cheung et al., 2004). Together,
these results suggest that oxygen regulates social behaviour by modulating the guanylate
cyclase activity of GCY-35 and GCY-36. It will be interesting to see whether soluble

guanylate cyclases act as neuronal oxygen sensors in other animals.

Methods
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Strains, Molecular Biology, Biochemistry, and Statistics were performed using

standard techniques, as described in Supplemental Methods.

Oxygen binding of bacterially-produced GCY-35(1-252). Purified bacterially-
produced protein was made anaerobic in an O,-scavenged gas train with 10 cycles of
alternate evacuation and purging with purified argon and brought into an anaerobic glove
bag. Ferricyanide (~100 equivalents) was added and then removed using a PD10
desalting column that had been equilibrated with 50 mM TEA pH 7.5 and 50 mM NaCl
(Buffer C). The protein was then reduced using dithionite (~100 equivalents). The
dithionite was then removed in the same manner. A ferrous-unligated UV/Vis absorption
spectrum was recorded in an anaerobic cuvette on a Cary 3E spectrophotometer equipped
with a Neslab RTE-100 temperature controller set at 10 °C. Spectra were recorded from
protein in Buffer C. Fe*?-O, protein and other gas-bound proteins were generated by
exposing Fe*?-unligated GCY-35(1-252) to air or other gases before recording a
spectrum. Bacterial haem can assemble with recombinant eukaryotic haem-binding
proteins, and since C. elegans cannot itself synthesise haem(Hieb et al., 1970), bacterial

haem is likely the natural form for C. elegans guanylate cyclases.

Behavioural Assays. For gas-phase aerotaxis assays, micro devices were fabricated
using the PDMS rapid prototyping technique(Duffy et al., 1998). The photolithography
masks were laser-printed on silver halide films with 1/40.64 mil resolution, and used to
produce the prototype masters in a photo-patternable epoxy (SU-8-50, Microchem Inc.,
Newton, MA) on silicon wafers using standard UV photolithography. The masters were

silanised using vapour phase tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane (United

65

VAR TRIA N

VAVAV]!



Chemical Technologies, Bristol, PA). The PDMS devices were micromolded using 2-
part Sylgard 184 silicone elastomer (Dow Corning, Midland, MI) against the masters.
Prior to the assay, the devices were cleaned in ethanol followed by DI water and dried

overnight at 65 °C.

In each assay, 30-200 washed adult animals were placed on an NGM agar plate
before the device was placed over them. Air and nitrogen gas (room temperature, 1 atm)
were delivered to the source and drain chambers under laminar flow at 1 ml/min for 15-
30 minutes from gas-tight syringes using a syringe pump (PHD2000, Harvard
Apparatus). Although PDMS and agar are both oxygen-permeable, the diffusion rate of
gases through these media is substantially smaller than the gas flux between the source
and drain, and did not disrupt the oxygen gradient in gas phase. Animals at nine equally
sized regions in the device were counted at the end of the assay, determined by at least
two consecutive scorings (five minutes apart) yielding similar spatial distributions. Each
aerotaxis data point represents 3-8 assays with 80 or more animals per assay. In assays
with fewer than 80 total animals, counts from experiments done on the same day were
combined for data analysis. The oxygen concentration gradient in the agar was measured
using a Clark-style oxygen microelectrode with guard cathode (Chemical microsensor
#1201, Diamond Microsensors), which was calibrated with standards immediately prior

to each use.

For aggregation and bordering assays, 40 animals were picked onto a bacterial
lawn, allowed to equilibrate for an hour, placed into a flow chamber with a constant gas
flow of 150 ml/min, and exposed to 21% oxygen for at least 30 minutes. Oxygen was

then adjusted to different concentrations for various periods of time at a constant flow
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rate of 150 ml/min. The flow chamber was a 100 x 15 mm petri dish with a modified
cover: two female luers (Biorad) were melted and glued into the ends of the cover. One
luer served as the gas inlet and was connected to tubing, while the other luer was always
exposed to air and served as the outlet. Gas mixes with varying concentrations of oxygen
were obtained by mixing oxygen and nitrogen (99.997%) in a flowmeter (Cole-Parmer).
All gases were obtained from Airgas. Images were captured every ten minutes with an
Ultrachip CCTV camera (JE-7442, Javelin) mounted on a stereomicroscope (Wild M3Z,
Leica). The analog camera output was connected to the RCA port on a Macintosh
PowerPC 7600/132 equipped with an on-board analog/digital converter. Movies and
photographs were captured with Adobe Premiere software (version 4.0.1). Bacterial
lawns (OPS0 strain) were grown for four days prior to the assay and were 10-13 mm in
diameter. Animals within 1 mm of the edge of the bacterial lawn were scored to be in the
border. Any animal that was touching at least one other animal across at least 30% of its

body was scored to be in an aggregate.

For the transient aggregation experiments in Fig. 4g,h animals were placed in the
flow chamber and counted immediately after transfer to a fresh bacterial lawn. Fresh

bacterial lawns were 4-day-old strain OP50 lawns that had never encountered worms.

In Fig. 5c, a thin bacterial lawn (bacterial strain OP50) was produced by seeding 10

cm NGM plates that were used 8-10 hours later.
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Supplemental Methods.

Strains. Strains were cultured under standard conditions(Brenner, 1974). The gcy-
35(0k769) deletion was provided by the C. elegans knockout consortium and its structure
confirmed by PCR across the coding region of the gene. Primer pairs with one or both
primers inside the deletion amplified DNA from N2 but not gcy-35 lysates. Primers
outside the deletion amplified DNA from both strains. The deletion spans 668 base pairs
from cosmid T04D3 (31961-32630), with flanking sequences ACCTTTATCTTCGTT
and TTTGTTCGCCACGTT. The deletion is downstream of a large intron in gcy-35 that
contains a second gene of unknown function transcribed from the opposite strand as gcy-
35 (T04D3.5); the coding region and 1 kb upstream of this gene are intact in the deletion.
The mutant strain was outcrossed six times using a linked marker and verified by PCR.
Primers used for sequencing and outcrossing were CTTTCAGTCCGTTGAGCTTC and
S’CCTGGTACAGTATTTAGGCG, which yields a 935 bp product from N2 lysates and a

267 bp fragment from gcy-3J5 lysates.

tax-4(ks28) and tax-2(p691) are point mutations that act as strong loss-of-function alleles.
tax-4(p678) is an early stop and a presumed null allele. npr-1(ad609) is an EMS-induced
loss-of-function allele in the N2 background; npr-1(g320) is the naturally occurring Val-

to-Phe 215 amino acid substitution from the social feeding strain RC301, backcrossed ten

times into the N2 genetic background.

Molecular Biology. gcy-32, gey-34, gey-33, gey-36, and gey-37cDNAs were generated

by RT-PCR using a mixed-stage C. elegans cDNA library (Stratagene) as a template.
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Primer design was based on predicted sequences from the annotated genome. 5’ and 3’
untranslated regions were determined by RACE (Roche). These cDNA sequences have

been submitted to Genbank. The gcy-35 cDNA encodes a protein of 688 amino acids.

PCR was used to amplify his-tagged GCY-35(1-252) from a full-length gcy-35 clone.
The upstream primer for GCY-35(1-252) was GGGGGGCATATGttcggctggattcacgaa
and the downstream primer was ATAGTTTAGCGGCCGCatttggaaacgttttcttgataaag. The
upstream primer contained a Ndel restriction site and the downstream primer contained a
Notl site. Digested PCR products were ligated into the bacterial expression vector pET-

20b (Novagen) and sequenced to confirm the absence of PCR-generated mutations.

Upstream sequences used for the promoter::GFP transgenes contained the start codons
and 1.2, 1.0, 1.0 and 1.1 kb of upstream sequence for gcy-33, gcy-34, gey-36, and gcy-37,
respectively. The upstream primers all contained an Xbal restriction site:
GCTCTAGAaacaatggggtgggcacgataga, GCTCTAGAccagagcgaatcaattgatttcaagaac,
GCTCTAGACcatgatgttggtagatggggtttgg and GCTCTAGAgtgtatcagaaattcttgcaatccg for
gey-35, gey-34, gey-36, and gey-37, respectively. The downstream primers contained a
BamHI site: CGCGGATCCatattctactctccgcaaaaaagt,

CGCGGATCC attttgagaagttttttgaacagetge, CGCGGATCCCattgttgggtageccttgtttgaattt and
CGCGGATCCatatttctgtgtagtagaaaaag for gcy-33, gey-34, gey-36, and gey-37,
respectively. Digested PCR products were ligated into the pPD95.67 expression vector (a
gift from Andrew Fire), which contains an SV40 nuclear localization signal. The
promoter region was sequenced to verify accuracy. In addition, for gcy-35, a fragment
with 3.9 kb of upstream sequence terminating in the second exon of the gene was ligated

into the pPD95.77 vector. Both gcy-33:.:¢gfp fusion genes showed expression in similar
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neurons, and the larger fusion also showed expression in pharyngeal and body wall
muscles and in the excretory cell. The promoter::GFP transgenes were microinjected
according to standard methods(Mello and Fire, 1995), with coinjection plasmid pRF4

(rol-6(sul006d)) or elt-2:.:gfp at 10ng/ul.

For rescue, the gcy-35 cDNA was placed in pSM1, a modified pPD49.26 with extra
cloning sites (S. McCarroll and C.I.B., unpublished data). The gcy-32 or gcy-36
promoter was inserted into this expression vector from Fsel to Ascl after PCR
amplification from genomic DNA using the following primers: downstream primer
ttggcgcgccTATATTTTCCTTTCCGCTTTC and upstream primer

ttggccggcc ATTTCCATTCCACTGATGATGTGA for gey-32 and upstream primer
ttggccggccATGATGTTGGTAGATGGGGTTTGG and downstream primer

ttggegegcc TGTTGGGTAGCCCTTGTTTGAATTT for gey-36. The resulting plasmids
were injected at 50 ng/ul (gcy-32::gcy-35) or 5 ng/ul (gey-36.:gcy-35) with 10 ng/pl elt-
2::GFP as a co-injection marker. For rescue with a genomic fragment (Suppl. Fig 3), a
PCR fragment spanning the gcy-35 locus with 0.7 kb of upstream sequence, 1.3 kb of
downstream sequence, and the entire gcy-35 coding region was amplified from wild-type
genomic DNA with the primers GAAAAAGAGCAAGGAAGAGACAGAGGG and
TCTAGCGAGGAAAACGAAGAAGACGAG and injected into gcy-35(0k769) at 40

ng/ul with 10ng/ul elt-2::GFP.

Biochemistry. E. coli expression was performed as described previously(Zhao and

Marletta, 1997) with the following modifications. Plasmids were transformed into Tuner

DE3 plysS cells (Novagen). Cultures were grown until an ODg of 0.5-1 and cooled to
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27 °C. IPTG (Promega) was added to 10 pM and aminolevulinic acid to 1 mM. Cultures
were grown overnight for 14-18 h and then harvested. Protein was purified by nickel
affinity and size exclusion chromatography in the following manner. Frozen cell pellets
from 3 liters of culture were thawed quickly at 37 °C and resuspended in 120 ml of
Buffer A (50 mM NaPO, pH 8.0, 300 mM NacCl, 5 mM B-mercaptoethanol, 10 mM
imidazole, 1 mM Pefabloc (Pentapharm) and 5% glycerol). Resuspended cells were
lysed with sonication and, subsequently, with an Emulsiflex-CS5 high pressure
homogenizer at 20,000 psi (Avestin, Inc.). Lysed cells were centrifuged at 100,000 x g
for 40 min. The supernatant was applied to Nickel NTA superflow resin (Qiagen) (10
ml) and washed with 10 column volumes of Buffer A. The his-tagged protein was eluted
with modified Buffer A (containing 150 mM imidazole) at 2.5 ml/min. Fractions were
selected on the basis of their color and Ajgo/Asoret ratio. The eluate was concentrated to 4
ml using 15 ml 10K MWCO spin concentrators (Millipore). The concentrated proteins
were applied to a pre-packed Superdex S75 HiLoad 26/60 gel filtration column
(Pharmacia) that had been equilibrated with 50 mM Hepes pH 7.4, 200 mM NaCl and 5%
glycerol. The flow rate was 1.4 ml/min. Fractions containing GCY-35(1-252) were

pooled and stored at —70°C.

Western blotting was performed by ECL according to the manufacturer protocol
(Amersham). The GCY-35 antibody was generated by immunizing rabbits with a
conjugated synthetic peptide corresponding to residues 36-50 of GCY-35, and affinity

purified by the manufacturer (Research Genetics).
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Statistical analysis. To test statistical significance in Figures 4d-f, the first three
measurements at 21% oxygen were grouped and compared to the three measurements at
7% oxygen. p-values were generated using Student’s t-test. N2 bordering and npr-1/
bordering and aggregation were suppressed at 7% oxygen (p<0.001). gcy-35 was
significantly different from N2 (p<0.001), and its defect was rescued by the gcy-32::gcy-
35 transgene (p<0.01). All assays were completed at least three times. For panel 4g, in
21% oxygen N2 was different from gcy-35 (p<0.001). For panels 4g and 4h, N2

aggregation differs in 21% and 7% oxygen (p<0.001).

In Figure 5d, the lawn center differs from both the agar and the lawn border by Student’s

t-test (p<0.001).
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Statistical analysis of aerotaxis (Figs. 1,5) is described in Supplemental Figure 2.
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Figure legends

Fig. 1: gcy-35 mutants are defective in hyperoxia avoidance.

a. Gas-phase PDMS aerotaxis device, top view. A gas-phase gradient was established

by diffusion along the long axis of the device.
b. Measured oxygen concentrations in aerotaxis device, and side view of device.
c. Wild-type N2 animals accumulate at intermediate oxygen concentrations.

d. Defective hyperoxia avoidance in gcy-35 mutants, and rescue by gcy-32::gcy-35

expression in URX, AQR, and PQR.

e. Defective hyperoxia avoidance in tax-4 and tax-2 mutants.

f. Similar oxygen preference of N2, npr-1(g320), and npr-1(ad609).

Error bars denote standard error of the mean (SEM). Statistical analysis, Fig. S2.

Fig. 2: gcy-35::gfp is expressed in URX, AQR, PQR, and other sensory
neurons.

a. Lateral view of the anterior body showing URX, AQR, SDQR, and BDU neurons.

Anterior is at left and ventral is down.

b. Ventral view of the tail showing PQR and ALNL/R neurons. The more posterior cells

may be PLM neurons, the sisters of ALNL/R, or PLN neurons.

Fig. 3: Characterisation of GCY-35(1-252) binding to gases.
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a. UV/vis spectroscopy of GCY-35(1-252). Black broken trace shows anaerobic
spectrum of ferrous-unligated complex (peaks at 430 and 559 nm). Solid red trace shows
the same sample after exposure to air, and is indicative of a ferrous-oxy complex (peaks

at 415, 542, and 578 nm).

b. Purification of GCY-35(1-252):His. Left, Coomassie-stained gel. Right, Western blot

with affinity-purified anti-GCY-35 antisera, lanes at 10-fold different dilutions.

c. Comparison of spectroscopic data for GCY-35(1-252), soluble GC(Stone and Marletta,
1994), hemoglobin(Di lorio, 1981), and Thermoanaerobacter tengcongensis

Tar4H(Karow et al., 2004) unliganded and in the presence of CO, NO, and O,.

Fig. 4: Oxygen stimulates GCY-35-dependent aggregation and bordering.

a-c. Animals equilibrated at 21% oxygen or 7% oxygen for 30 minutes. a. N2 b. npr-

1(ad609) c. gcy-35(0k769).

d-f. Oxygen shifts from 21%—7% —21% (dotted lines).

d,f. 7% oxygen suppresses bordering in N2 and npr-1 strains and aggregation in npr-1

strains.

e. Reduced oxygen sensitivity of bordering in gcy-35(0k769), and rescue by gcy-32::gcy-

35 transgene.

g.h. Aggregation of N2 and gcy-35(0k769) immediately after transfer to a fresh bacterial

lawn in 21% or 7% oxygen.

Error bars denote SEM. Statistical analysis in Supplemental Material.

75

Euib? 4 U BN N}

A A AV



Fig. S: Regulation of oxygen responses by food.

a,b. Bordering and aggregation during oxygen shifts (dotted line).

c. Aerotaxis on a thin bacterial lawn. N2 aerotaxis is suppressed.

d. Oxygen concentrations in and near a thick OP50 bacterial lawn.
Error bars denote standard error of the mean (SEM).

e. Model for oxygen regulation of behaviour. Oxygen directly or indirectly regulates
GCY-35; cGMP activates the TAX-2/TAX-4 cGMP-gated channel in URX, AQR and
PQR to promote hyperoxia avoidance, bordering, and aggregation. The neuropeptides
FLP-18/21 (possibly released by pharyngeal neurons during feeding(Rogers et al., 2003))

activate the neuropeptide receptor NPR-1, which inhibits URX, AQR, and PQR.

Supplemental Figure legends

Supplemental Fig. 1: gcy-32, gcy-34, gcy-35, gcy-36, and gecy-37 are C. elegans
homologs of rat sGCs. a. Residues from the predicted N-terminal heme binding
domain. GCY-32, GCY-34, GCY-35, GCY-36, and GCY-37 have a key residue, rat p1
H105 (boxed), which ligates the heme cofactor, suggesting that these predicted cyclases
bind heme. b. Residues from the predicted C-terminal catalytic domain. Canonical
mammalian sGC is a heterodimer composed of al and B1 subunits(Denninger and
Marletta, 1999); catalytically-active, NO-sensitive f2 homodimers andan 2 1
heterodimer have also been reported(Gibb et al., 2003; Koglin et al., 2001; Russwurm et
al., 1998). A structural homology model comparing the catalytic domain of sGC (a181)

with the crystallized adenylate cyclase catalytic domain(Sunahara et al., 1998; Tesmer et
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al., 1997) predicts that all four residues involved in catalysis (D485 and D529 from rat
al, C541 and E473 from rat B1) are conserved in C. elegans GCYs, suggesting that the
C. elegans GCYs could be catalytically active. Mutagenesis results from both al and g1
are incorporated; black numbers denote the sGC for which function was confirmed by
mutagenesis (e.g. a1 485 corresponds to 1 426; mutagenesis was conducted only on al,
so numbering on B1 is in grey). A horizontal box in gcy-35 denotes the deletion in gcy-
35(0k769). The alignment was generated using DNASTAR’s MegAlign program and the
Clustal W method. Accession numbers are: rat 1.U60835, rat 1.P20595, rat

2.P22717.

Supplemental Fig. 2: Statistical analysis of aerotaxis data from Fig. 1, Suppl.
Fig. 3, and other experiments. Aerotaxis assays were scored in nine bins of equal
size that spanned the linear gradient from 0-21% oxygen. To generate a hyperoxia
avoidance index, we compared the distribution of animals between medium oxygen (bins
5-7, 4.66-11.67%) and high oxygen (bins 1-4, 11.67-21%), correcting for the smaller total
area covered by bins 5-7 by calculating the average fraction of animals in each bin. A
hyperoxia avoidance index was calculated as (Medium-High)/(Medium+High);
hyperoxia avoidance of 1.0 represents complete exclusion of animals from bins 1-4 in the
aerotaxis assay, 0.0 represents indifference to hyperoxia and —1.0 represents complete
exclusion from bins 5-7. Wild-type animals exhibited no preference in the absence of an
oxygen gradient (N2 air control). Results were analyzed by ANOVA and Bonferroni t-
test. * indicates strains or conditions that were significantly defective in avoidance of
hyperoxia compared to N2 in the absence of food (p<0.05). + indicates transgenic gcy-35

strains that were significantly rescued compared to gcy-35(0k769) (p<0.05). The gcy-35
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defect was fully rescued by the gcy-35 cDNA expressed in URX, AQR, and PQR under
the gcy-32 promoter (2 lines), and was partially rescued by a gcy-36::gcy-35 clone (1
line) and a gcy-35 genomic clone (1 line). The tax-4(ks28) defect was fully rescued by
tax-4 expressed in URX, AQR and PQR under the gcy-32 promoter(Coates and de Bono,
2002). N2 animals on food were highly defective in hyperoxia avoidance (*), whereas

npr-1(g320) and npr-1(ad609) on food had normal or enhanced hyperoxia avoidance

(**).

Supplemental Fig. 3: A genomic fragment rescues the gcy-35 defect, and fax-2

and fax-4 have defects. a. Aerotaxis responses of additional rescued gcy-35 (0k769)
transgenic lines: gcy-32::gcy-35 line B, gcy-36::gcy-35, and a gcy-35 genomic clone. b.
Aerotaxis responses of gcy-33(0k769) tax-4(ks28) double mutants, tax-4(p678) mutants,
tax-2(p691) tax-4(p678) double mutants, and rax-2(ks28) animals rescued by a gcy-
32::tax-4 transgene(Coates and de Bono, 2002) (gcy-32 is expressed in URX, AQR, and
PQR). tux-4(p678) is an early stop codon resulting in truncation of the channel. rax-
4(ks28) is a point mutation in fax-4 that may interfere with tax-2 function as well as rax-
4. tax-2(p691) is a point mutation in the pore domain that acts as a strong loss-of-
function allele. ¢,d. Bordering (c) and aggregation (e) were not observed at 21% or 7%
oxygen in tax-4(ks28) mutants or tax-2(p691); tax-4(p678) double mutants. Experiments

were performed as described in Figures 1 and 4.
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Figure 3.1
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Figure 3.2
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Figure 3.3
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Figure 3.4
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Figure 3.5
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Supplemental Figure 3.1
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Supplemental Figure 3.2
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Chapter 4 — Conclusions and Future Directions |
|
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Disentangling C. elegans Circuits — Beyond Ablations and Behavior

From a circuit perspective, one of the more interesting future directions concerns
interneuron and motor neuron function. How do C. elegans neurons integrate different
inputs, and how is memory of recent stimuli encoded in the system? How are distinct
behaviors like reversals and omega turns coupled? How is speed controlled at the level

of the motor neuron pattern generator?

These questions are difficult to address using solely ablations and behavior for two

reasons. First, there are many motor neurons within some of the motor neuron classes,

and ablating all neurons within a class is a challenge. Second, it is difficult to separate |
the role of an interneuron or motor neuron in executing a task from any potential role in
regulation of the task. Are AV A-ablated animals slow or just uncoordinated? To what
extent does AVA regulate reversal frequency in addition to being required for reversals
themselves? AVA in particular is one of the most important neurons in C. elegans, since
it is required for reversals, which are integral to a large number of behaviors. In addition,
it appears to be one of the few conduits for information from the head to reach the ventral
nerve cord. AVA expresses several glutamate receptors, including two AMPA/kainate
glutamate receptors, as well as two NMDA-type receptors. Mutants are already available
in several of these genes. These mutants, coupled with cell-specific rescue, could do

much to answer questions that ablations alone are too crude to address.

There are many examples of using genetic and molecular strategies to follow up on
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ablation results, including the C. elegans touch circuit and C. elegans chemosensation, as
well as very recently an example based on the work in Chapter 2 of this thesis.
Identification of neurons involved in navigation behaviors makes it possible to
understand the same circuit in more molecular detail. Sreekanth Chalasani in the lab has
tested a list of mutants in neurotransmitter receptors and neurotransmitter synthetic
machinery for defects in exploratory behaviors. By comparing the mutant defects with
ablation data for different cells in the circuit as well as expression data for the genes in
question, he has identified likely neurotransmitters and receptors for a subset of neurons
in the circuit. He has confirmed these results with cell-specific rescue. To date, studies
of reversal frequency have been focused mostly on longer-term responses involved in
exploratory behavior. One of the most interesting directions made possible with the
developing molecular understanding is to begin to address how reversals and turns are

controlled acutely during chemotaxis.

Sreekanth’s work is an example of how neurotransmitter receptor mutants promise to be
a useful tool in understanding circuits in C. elegans. With the knockout consortia, the
community is reaching a point where it may in the foreseeable future have mutants in
every neurotransmitter receptor. Of the existing mutants, many have yet to be outcrossed
or characterized at all. But such a panel of mutants would be a valuable resource for
studying any circuit. Receptors are often quite specifically expressed, and when they are
not, they can be cell-specifically rescued. In sum, they should account for all synaptic
signaling. The innexins are putative components of C. elegans gap junctions; a panel of

innexin knockouts could serve a similar function for dissecting electrical signaling
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components in circuits.

Imaging neuronal activity also promises to offer more subtle understanding of the role of
different neurons in circuits. Imaging is complementary to behavior, since behavior
reveals the final output of a circuit, while imaging has the potential to reveal the activity
of each of the components. Using calcium indicators, Sreekanth Chalasani and Nikos
Chronis are imaging the chemotaxis/navigation circuits in response to food and odor, and
it will be fascinating to see what these experiments reveal about circuit function. Our
approach in Chapter 2 did not succeed in identifying the roles of many neurons, including
the interneurons RIA and SAA and the motor neurons RMD, even though these neurons
have many connections with neurons important for navigation. It will be interesting and
hopefully informative to see if these cells are activated by upstream neurons in the
navigational circuit despite not being important for the behavior. It should also be
informative to use imaging to see what kinds of stimuli activate these and other neurons
with poorly understood function. Hopefully, imaging will represent a complement to

ablations in identifying the roles of neurons with unknown functions.

One of the most interesting future directions involves the differences between reversal
and omega bend behaviors on and off food. Although the majority of the work in
Chapter 2 is focused on a time course after removal from food, one difference between on
and off food behavior is clear. Many manipulations of the circuit alter the off food
behavior, but only a few alter on food behavior, despite the fact that these manipulations

in sum account for a reasonable fraction of the known neurons for sensing food-related
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stimuli. In addition, chemotaxis, which is likely to be mediated by the same or by a
similar circuit, is suppressed by food (Cori Bargmann, personal communication). Thus, it
is possible that the entire navigational circuit is shut down in the presence of food.
Alternatively, the reversals and omega turns may no longer be the right behavioral metric
to measure circuit output. Worm behavior on food can be divided into roaming and
dwelling states (Fujiwara et al., 2002), and some manipulations performed in Chapter 2
do affect these states; namely, AIY ablations and osm-6 mutations increase the percent of
time spent dwelling (data not shown). Thus, roaming and dwelling (or some other as yet
unidentified behavior) may be controlled by the navigational circuit when food is present.
It would be interesting to see what neurons and pathways are necessary to change this
circuit in the presence of food. Candidate pathways are those that suppress aerotaxis on
food, although the wiring diagram indicates that aerotaxis is likely to be a completely
different upstream circuit. Other candidate pathways include the dopamine and serotonin

pathways known to slow worms down when they encounter food (Sawin et al., 2000).

Understanding C. elegans Oxygen Behaviors

Our finding that C. elegans aerotaxis in gradients is altered by food in an npr-1-
dependent manner (Figure 3.5¢) raises questions about how food regulates aerotaxis.
Andy Chang in the Bargmann lab is taking a candidate genetic approach to understanding
aerotaxis and has already identified other genes involved in food-regulation of aerotaxis.
He has also identified a distributed circuit that controls aerotaxis, with additional sensory

neurons and signal transduction molecules that contribute along with URX, AQR, and
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PQR and the GCYs.

Although our results focused on avoidance of hyperoxia, the finding that aerotaxis
involves avoidance of both high and low oxygen (Figure 3.5c), is an entry into questions
about how hypoxia is sensed and avoided. This project is being pursued by Greg Lee in
the Bargmann lab. C. elegans is a good system for identifying molecules, and a large
outstanding question in the oxygen-sensing field asks how many additional proteins are
oxygen sensors. One of the most promising future directions from our work is to do
behavioral screens to identify other sensors. Hypoxia is particularly promising for
screening, since in candidate approaches our lab have yet to identify any specific sensor

important for hypoxia avoidance.

The finding that a soluble guanylate cyclase (sGC) seemed to be sensing oxygen raises
many biochemical questions, such as whether cyclase activity is directly regulated by
oxygen, whether oxygen inhibits or stimulates activity, and how different cyclases may
differ in their responses to oxygen. These questions are being pursued by Shirley Huang

in Michael Marletta’s lab.

To some extent, the biochemical role of sGCs can be addressed in vivo with imaging
technologies. More importantly, imaging can also reveal how oxygen influences
neuronal activity and release of neurotransmitters, as well as how downstream
interneurons respond to oxygen stimuli. These experiments are being performed by

Manuel Zimmer in the Bargmann lab, who is using calcium indicators as a proxy for the
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activity of sensory neurons and interneurons involved in oxygen behaviors. cGMP

imaging will be attempted by Navin Pokala in the Bargmann lab working with Manuel.

The role of soluble guanylate cyclases in oxygen-sensing raises questions about what
other animals use these molecules for sensing oxygen. These questions have been

addressed in part by David Morton, who has found a role of sGCs in Drosophila in F~
oxygen behaviors (personal communication) and who has data hinting at oxygen-

regulated activity (Morton, 2004a). One clue comes from a residue with a role in

oxygen-binding in an sGC-related bacterial protein from Thermoanaerobacter g |
tengcongensis (Pellicena et al., 2004). The same residue is necessary and sufficient to d
convert an NO-sensitive cyclase into one that also detects oxygen (Boon et al., 2005).
This residue, Tyr-140 in the 7. tengcongensis protein, is lacking in soluble guanylate
cyclases in most mammals with sequenced genomes, including humans, rats, and mice.
However, Tyr-140 is present in sGCs from many animals, including insects and fish, both
of which live in oxygen-variable environments. It will be interesting to see whether other

animals use sGCs as oxygen sensors and whether they are typically involved in

behavioral responses to oxygen or can also be involved in physiological responses.

Preliminary experiments conducted in collaboration with Sreekanth Chalasani and Jim
Hudspeth found that mRNAs encoding an alpha2 and beta2 sGC in Zebrafish had
identical expression patterns and were expressed notably in sensory clusters in the lateral
line sensory organ, which is a sensory organ that can detect water currents and mediate

avoidance of predators and other behaviors. This finding raises the interesting possibility
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that fish sense oxygen via the lateral line and thereby possess an internal representation of

external oxygen concentrations as detailed as their representation of water currents.

Identifying Additional Behaviors in C. elegans

Much of C. elegans behavior is devoted to understanding the function of particular genes
by assessing their role in particular behaviors. This type of work is obviously important.
Less attention has been devoted to understanding what behaviors are important to C.

elegans and developing new assays to measure these behaviors.

Fully understanding the behavior of an animal requires understanding the full range of
behaviors that are important for the survival of the animal. We are likely to be ignorant
about a great deal of C. elegans behavior. Two lines of evidence support this idea. First,
there are dozens of neurons whose functions are not known, and there are thousands of
genes expressed in the nervous system whose roles are not known. Although these cells
and genes may be important for previously identified behaviors, the circuitry would
suggest that many of the sensory neurons at least are reserved for other functions, since

they are often not directly connected to neurons involved in known behaviors.

The second reason we are likely to be ignorant of much of C. elegans behavior is that our
experiments represent only a small fraction of the range of experience a worm is likely to
encounter in the soil. The study of C. e/egans behavior is limited by unknown differences

between the laboratory, where experiments are conducted, and the natural environment,
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where worms have evolved. Still, more could be done to bridge this gap. All but a small
handful of behavioral experiments have been performed with worms grown on tw6
strains of E. coli, which is not likely to be a primary food source in nature. Some of the
most interesting experiments are the exception to this rule (Zhang et al., 2005)(Shtonda

and Avery, in press).

Most behaviors are radically altered by the presence of food, including egg-laying,
locomotion, pharyngeal pumping, and defecation. But the character of food in nature is

likely to differ in many regards from that in the laboratory, even when the strain itself is

Q"-.. - L

Lo
the same. As one example, we find in Chapters 3 and 4 that oxygen can have a large

impact on behavior. In the lab, food and worms are placed at an agar-air interface, which

is likely to have much more oxygen than similar amounts of food buried in the soil.

Another reason the identification of new behaviors is important is that understanding C.
elegans behavior will ideally involve understanding how each neuron in the worm
contributes to behavior. But how can the function of each neuron be known? To date,
neuronal functions have been discovered by studying behaviors such as avoidance of
touch (Chalfie et al., 1985), chemotaxis to odors or salts (Bargmann et al., 1993; o
Bargmann and Horvitz, 1991a), or exploratory behavior, as in this work and related
studies. Once a behavior has been identified, it is possible to identify the cells that are
required to execute it. Thus, the dozens of neurons with no known or hypothesized

function may be identified in a similar manner.
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How does this work in detail? Sensory neurons involved in a novel behavior can be
identified with ablations, if gene expression or anatomy provide good clues. In more
difficult cases, sensory neurons can be identified through rescue of mutants such as the
cilia-requiring osm-6, which is causes defects in most sensory neurons(Fujiwara et al.,
2002). In this type of approach, rescue can be tried first with relatively broadly expressed

promoters and later narrowed down with more specific ones or coupled with ablations.

Once sensory neurons have been found, downstream circuits can be identified by
examining the wiring diagram and ablating interneurons immediately downstream or
further downstream, as was done in this work (Chapter 2). Finally, by dissecting the
motor patterns required for complex behaviors, the motor circuits themselves can be

understood, as was attempted in a limited fashion here (Figure 2.5).

A final obvious but important reason to identify new behaviors is that screening with new

behaviors will help identify new genes.

The study of behavior in C. elegans has the potential to connect understanding from
biochemical, molecular, anatomical, genetic, imaging, and hopefully physiological
studies to create a unified view of the behavior of an organism. Such a unified view is a
long way off and should include detailed understanding of cellular signaling, adaptation
in cells and circuits, network function, and motor patterns including pattern generation.
Hopefully, an integrated view will be achieved and will inform studies in far more

complex systems.
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