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Regulation of Neural Circuits for Oxygen-Dependent Behaviors in Caenorhabditis

elegans

by

Andy J. Chang

Abstract

Behavior, an organism’s ability to sense and respond to its environment, is

paramount to its survival in nature. In multicellular animals, behavior is generated by the

nervous system. Innate genetic programs form neural circuits that are sensitive to the

environment and experience.

To understand the function of the nervous system at a systems level, I have

chosen the soil nematode Caenorhabditis elegans as a model animal. In this dissertation,

I describe neural circuits underlying C. elegans behaviors towards an important sensory

cue, oxygen, using a genetic and neuroanatomical approach.

In the absence of bacterial food, wild-type adult hermaphrodites of the N2 strain

prefer 7-14% oxygen in a linear 0-2.1% oxygen gradient, avoiding higher and lower

oxygen levels. In Chapter 2, I define a chemosensory circuit for hyperoxia avoidance

(>14% oxygen) and its regulation by food. In N2 animals, hyperoxia avoidance is

mediated by two groups of neurons that express soluble guanylate cyclase homologs and

two groups of neurons that express TRPV channels. The presence of bacterial food

suppresses hyperoxia avoidance of N2 animals. This modulation is regulated by NPR-1

neuropeptide signaling, the DAF-7 (TGF-■ ) transcriptional pathway, and serotonin in
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distinct groups of neurons. The distributed nature of this chemosensory circuit resembles

dynamic modulated networks from more complex nervous systems.

In Chapter 3, I describe effects of a transcriptional oxygen-sensing pathway on

hyperoxia avoidance behavior of C. elegans. The hypoxia-inducible factor-1 (HIF-1)

pathway is a conserved transcriptional pathway for oxygen homeostasis in metazoa.

Upregulation of HIF-1 signaling alters the chemosensory circuit for hyperoxia avoidance

in C. elegans and suppresses food regulation.

In Chapter 4, I show that hypoxia avoidance (avoidance of ~4% oxgyen) requires

signaling through the TAX-4/TAX-2 cyclic nucleotide-gated channel in sensory neurons

and normal regulation of the HIF-1 pathway, and appears genetically distinct from

hyperoxia avoidance. These preliminary results suggest that C. elegans behaviors can be

used to identify additional acute sensors of oxygen.
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Living organisms must be able to receive sensory cues and generate appropriate

responses to find food and mates and avoid harmful stimuli and predators. From bacteria

to mammals, behavior, defined as a rapid physical response to external and internal

stimuli, is critical for organisms to thrive in their natural environment. Behavior allows

organisms to respond effectively to changes in their physical and chemical environment

and to interact with conspecific and heterospecific organisms.

Behavior is studied at many levels. In single-celled bacteria, the focus has been

on molecular and theoretical aspects of sensory transduction in chemotaxis as well as the

role of chemical communication in group behavior (Bassler and Losick, 2006; Berg,

1988). In multicellular organisms, the nervous system generates behavior, and studies of

behavior span many overlapping fields of study. At the finest level, molecular and

cellular neuroscience is interested in molecular components that regulate cellular activity

in the nervous system; these studies often use a combination of techniques, including

genetics, molecular biology, biochemistry, and cell biology. Systems neuroscience

studies the function of neural circuits, often in intact, behaving animals by directly

measuring neural activity. Behavioral and cognitive neuroscience focuses on high-level

processes, such as language, memory, and consciousness. At a whole-animal level,

ethology is interested in evolutionary aspects of innate animal behaviors, and psychology

has traditionally been concerned with human behavior.

In my graduate studies, I have been interested in systems-level analysis of

behavior. My goal is to understand how external cues are processed by the nervous

system to generate behavioral outputs. In vertebrate models, systems neuroscience relies

heavily on electrophysiology or imaging techniques, such as calcium imaging or fMRI, to
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collect data on neural activity, and correlate these results with behavior; nervous system

function is sometimes perturbed by lesion or pharmacology. These experiments usually

take place in the laboratory with well-controlled stimulus presentation, which is

especially useful for studies of sensory processing. Although individual brain areas have

been successfully studied using these approaches, the sheer number of cells and

complexity of vertebrate nervous systems makes complete circuit analysis difficult at

technical and conceptual levels.

The simpler nervous systems of invertebrate animals make them more tractable

for circuit analysis. One complete neural circuit described in invertebrates is the lobster

Homarus americanus somatogastric system. The relatively small number of easily

distinguishable neurons allowed this circuit for a rhythmic motor pattern to be

characterized electrophysiologically and pharmacologically, contributing to our

understanding of central pattern generators (Marder et al., 2005). Central pattern

generators are studied in similar ways in the crab Cancer borealis, the sea slug Aplysia,

the mollusk Tritonia diomedea, and the leech Hirudo medicinalis (Marder et al., 2005).

In insects like the fruit fly Drosophila melanogaster and honeybee Apis mellifera,

calcium imaging experiments have shed light on how learning changes neural activity in

the olfactory circuit (Menzel, 2001; Yu et al., 2006)

One great advantage of fast-growing invertebrates is their genetic versatility. The

fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans are two

genetic model organisms that have been used to study behavior (Bargmann, 1993;

Benzer, 1973; Brenner, 1974). In both invertebrates, their short generation times and

well-developed genetic tools facilitate a forward genetic approach to find genes involved





in behavior. This unbiased approach has allowed Drosophila and C. elegans researchers

to identify many molecular components of sensory signal transduction as well as

modulatory players in behavior (Bargmann, 2006; de Bono and Maricq, 2005; Zuker,

1996). Mutagenesis screens can also be used to isolate mutants in genes of interest by a

reverse genetics approach.

Forward genetics has more recently been applied to behavioral studies in

vertebrate model organisms, such as zebrafish and mouse (Muto et al., 2005; Neuhauss,

2003; Takahashi et al., 1994), but these models remain more challenging experimentally

due to their long generation time. In mouse, the preferred strategy is targeted genetic

manipulation of animals, with efforts placed on precise anatomical and temporal control

of gene expression. This important approach is increasingly used in the invertebrate

model animals as well.

Genetic analysis of behavior is not restricted to classical forward or reverse

genetics. Genome-wide gene expression studies are being applied to model behavioral

systems without classical genetics, such as honeybee and rat (Cavallaro et al., 2002;

Whitfield et al., 2003). In addition, quantitative trait locus (QTL) analysis of

recombinant inbred lines can be used to find genes that contribute to natural variation in

Drosophila, zebrafish, and rat behavior (Flint, 2003; Jordan et al., 2006; Wright et al.,

2006).

Identifying genes involved in a behavior is only the first step in a genetic

approach to circuit analysis. Because many genes are expressed in multiple cells,

determining where a gene acts to affect the behavior of interest is critical. This is where

C. elegans is a particularly attractive system. The C. elegans adult hermaphrodite has a
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simple nervous system composed of exactly 302 neurons with reproducible

neuroanatomy from animal to animal (White et al., 1986). Because of its small numbers

of neurons, transgenic expression experiments can readily identify in which cells a gene’s

activity is sufficient to rescue a mutant behavior. As a complement to this approach, cell

ablation by laser microsurgery or genetics can determine if those cells are necessary for a

behavior in wild-type and mutant backgrounds. Finally, these data can be mapped onto

the wiring diagram of C. elegans neural connections, derived from EM reconstructions,

to model the circuit for a behavior and generate hypotheses about its function and
--

regulation (White et al., 1986). These hypotheses can then be tested with functional 2
assays by targeted manipulations. In other genetic systems like Drosophila, zebrafish, ~
and mouse, molecular and cellular components of behavior can be identified by genetics; Cº.r

cº
e

g
however, complete circuit analysis is currently limited by incomplete knowledge of the

neuroanatomy from sensory input to motor output in these complex nervous systems.

To date, a genetic approach to circuit analysis has been applied to many C.

elegans behaviors (de Bono and Maricq, 2005). Simple behaviors, such as acute

avoidance of noxious stimuli and touch or rhythmic cycles in defecation and egg-laying,

have been studied in great molecular and cellular detail due to the simplicity of these

circuits (Bargmann et al., 1990; Chalfie et al., 1985; Culotti and Russell, 1978; Hilliard et

al., 2002; Hilliard et al., 2004; Liu and Thomas, 1994; Thomas, 1990; Trent et al., 1983;

Weinshenker et al., 1995). More complicated locomotory behaviors, such as area

restricted search, chemotaxis, and thermotaxis, are now being studied beyond the sensory

level, focusing on quantitative analyses of behavior and functional imaging techniques in

downstream interneurons (Gray et al., 2005; Hills et al., 2004; Kodama et al., 2006;
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Pierce-Shimomura et al., 1999; Zariwala et al., 2003). C. elegans researchers are also

beginning to dissect circuits for complex feeding and learning behaviors that involve

interactions of individuals with bacterial food and other animals (Chao et al., 2004; de

Bono and Bargmann, 1998; Gray et al., 2004; Rogers et al., 2006; Sawin et al., 2000;

Zhang et al., 2005).

In this dissertation, I will describe C. elegans behaviors in response to an

important sensory cue, oxygen, from a molecular to systems level. Oxygen is an

important molecule for the life of most organisms, and most animals can respond to

changes in oxygen levels physiologically and behaviorally. From bacterial to mammals,

a number of oxygen sensors have been identified. Sensors that bind oxygen through a

heme domain have been found in bacteria and Drosophila; these molecules couple

oxygen binding to enzymatic activity (Delgado-Nixon et al., 2000; Gilles-Gonzalez et al.,

1991; Langlais et al., 2004; Morton, 2004; Morton et al., 2005). A transcriptional

pathway for oxygen homeostasis found in metazoa is the hypoxia-inducible factor-1

(HIF-1) pathway. HIF-1 activity is negatively regulated by an oxygen-dependent enzyme

under normoxia and induced only in hypoxic conditions (Kaelin, 2005). Chapter 3 will

delve more into known oxygen sensors and explore the role of the HIF-1 pathway in C.

elegans behavior.

In C. elegans, wild-type N2 animals accumulate at 7-14% oxygen in a linear

oxygen gradient. The soluble guanylate cyclase GCY-35 binds oxygen and regulates this

aerotaxis behavior (Gray et al., 2004). A second soluble guanylate cyclase, gey-36, is

also implicated in aerotaxis (Cheung et al., 2005). GCY-35 and GCY-36 are proposed to





regulate the activity of the cyclic nucleotide-gated channel TAX-4/TAX-2 in URX, AQR,

and PQR chemosensory neurons to promote hyperoxia avoidance (Gray et al., 2004).

The hyperoxia avoidance behavior of wild-type N2 animals is suppressed in the

presence of bacterial food (Gray et al., 2004). Hyperoxia avoidance on food is regulated

by a natural polymorphism in a neuropeptide receptor gene, npr-1, which was first

described in the context of social feeding behavior, in which animals feed in groups on

bacterial lawns (Cheung et al., 2004; de Bono and Bargmann, 1998). Animals carrying

the N2 npr-1 215V allele, which has high activity, are solitary feeders while animals

carrying the npr-1 215F allele, which has low activity, or a npr-1 (lf) allele are social

feeders (Coates and de Bono, 2002; de Bono and Bargmann, 1998; Rogers et al., 2003).

Unlike N2 solitary feeders, npr-1 (215F) and npr-1 (lf) social feeders exhibit strong

hyperoxia avoidance in the presence of food (Gray et al., 2004). Mutations in gey-35 and

gcy-36 have hyperoxia avoidance defects and suppress social feeding behavior of npr

1(lf) mutants; social feeding can be restored to these double mutants by expression of

gcy-35 or gcy-36 in URX, AQR, and PQR neurons (Cheung et al., 2004; Cheung et al.,

2005; Gray et al., 2004). Besides gcy-35 and gcy-36, other suppressors of npr-1 social

feeding have been identified (de Bono et al., 2002). Starting with this knowledge, I took

a candidate approach to find other regulators of hyperoxia avoidance both in the absence

and presence of food in Chapter 2.

Two interesting sets of neurons that mediate npr-1 social feeding are ASH and

ADL (de Bono et al., 2002). Ablation of these neurons in npr-1 mutants abolishes social

feeding (de Bono et al., 2002). Activity of the TRPV channels osm-9 and ocr-2 and the

receptor chaperone odr-4 in ASH and ADL regulate npr-1 social feeding and aerotaxis
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(de Bono et al., 2002; Rogers et al., 2006). The ASH neurons are polymodal nociceptors

that sense a variety of noxious stimuli, such as high osmolarity, heavy metal ions, low

pH, quinine, detergents, and nose touch (Bargmann et al., 1990; Culotti and Russell,

1978; Hilliard et al., 2004; Kaplan and Horvitz, 1993; Sambongi et al., 1999; Sambongi

et al., 2000). These stimuli elicit a rapid reversal behavior, followed by a change in

direction in forward locomotion. Similarly, ADL neurons mediate repulsion from 1

octanol (Chao et al., 2004; Troemel et al., 1997). These acute reversals may allow npr-1

mutants to maintain tight aggregates on food (Rogers et al., 2006). The role of TRPV

channels in aerotaxis will be examined in more detail in this dissertation.

The role of neuromodulators in regulation of C. elegans behavior by food has

been studied. Similar to their effects in other organisms, the biogenic amines serotonin

and octopamine have antagonistic effects on behaviors in C. elegans. Locomotion, egg

laying, and pharyngeal pumping are all behaviors regulated by food. Serotonin

suppresses locomotion and enhances egg-laying and pharyngeal pumping, mimicking the

effect of ample food. Conversely, octopamine stimulates locomotion and suppresses egg

laying and pharyngeal pumping (Avery and Horvitz, 1990; Horvitz et al., 1982; Segalat et

al., 1995). Feeding state also modulates locomotory rates via distinct pathways. Well

fed animals move more slowly on bacterial food than off food. This basal slowing

response is regulated by a dopamine circuit that senses mechanical stimulation from

bacterial lawns. When animals are starved, a serotonin mediated pathway causes animals

to slow down even more dramatically in an enhanced slowing response (Sawin et al.,

2000).



Serotonin and feeding state also modulate the chemosensory circuit for acute

repulsion from 1-octanol. Low serotonin levels and the starved state decrease sensitivity

to 1-octanol while high serotonin levels and the well-fed state increase sensitivity. Food

and serotonin alter the complement of sensory neurons that participate in 1-octanol

repulsion, acting through G protein signaling in at least one pair of neurons (Chao et al.,

2004). In Chapter 2 and 3, I will investigate the role of serotonin in modulation of

aerotaxis.

Wild-type N2 animals prefer 7-14% oxygen, avoiding higher and lower oxygen

levels. In this dissertation, I will study these two distinct behaviors independently. In

Chapter 2, I will describe a chemosensory circuit for hyperoxia avoidance and its

regulation by food in N2 and npr-1 (lf) backgrounds. In Chapter 3, I will examine how

changes in the canonical HIF-1 oxygen-sensing pathway affect this circuit. In Chapter 4,

I will show analysis of hypoxia avoidance. My results demonstrate that C. elegans

assembles a flexible, distributed circuit for hyperoxia avoidance akin to dynamic circuits

from more complex nervous systems. This circuit can be dramatically altered by

upregulation of the HIF-1 pathway. Furthermore, I present preliminary results that

suggest C. elegans behaviors can be used to identify more acute sensors for oxygen.
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Chapter 2:

A Distributed Chemosensory Circuit for Oxygen Preference in C. elegans

Statement of contributions:

A version of this chapter was published as Chang A.J., Chronis N., Karow D.S.,

Marletta M.A., and Bargmann C.I. (2006). PLoS Biology 4: e274.

I performed all the experiments presented in this chapter. Nikolas Chronis performed G

CaMP calcium imaging experiments for oxygen-dependent response of ASH neurons

(data not shown). David S. Karow and Michael A. Marletta contributed the qals2241

strain used to kill URX, AQR, and PQR neurons. Cornelia I. Bargmann and I conducted

the statistical analyses.
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Summary

The nematode Caenorhabditis elegans has complex, naturally variable behavioral

responses to environmental oxygen, food, and other animals. C. elegans detects oxygen

through soluble guanylate cyclases (sGCs) and responds to it differently depending on the

activity of the neuropeptide receptor NPR-1: npr-1 (lf) and naturally-isolated npr-1 (215F)

animals avoid high oxygen and aggregate in the presence of food; npr-1 (215 V) animals

do not. We show here that hyperoxia avoidance integrates food with npr-1 activity

through neuromodulation of a distributed oxygen-sensing network. Hyperoxia avoidance

is stimulated by sGC-expressing oxygen-sensing neurons, nociceptive neurons, and ADF

sensory neurons. In npr-1 (215 V) animals, the switch from weak aerotaxis on food to

strong aerotaxis in its absence requires close regulation of the neurotransmitter serotonin

in the ADF neurons; high levels of ADF serotonin promote hyperoxia avoidance. In npr

1(lf) animals, food regulation is masked by increased activity of the oxygen-sensing

neurons. Hyperoxia avoidance is also regulated by the neuronal TGF-■ homolog DAF-7,

a secreted mediator of crowding and stress responses. DAF-7 inhibits serotonin synthesis

in ADF, suggesting that ADF serotonin is a convergence point for regulation of

hyperoxia avoidance. coalitions of neurons that promote and repress hyperoxia

avoidance generate a subtle and flexible response to environmental oxygen.
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Introduction

Sensory systems are shaped by evolution to detect the salient features of an

animal’s natural environment. At the simplest level, a sensory system is tuned to the

most informative cues: specific ultrasonic wavelengths in the bat’s echolocation system,

or statistically likely features of natural scenes in the vertebrate visual system (Kossl and

Vater, 1985; Sigman et al., 2001). At more complex levels of processing, the nervous

system sets behavioral priorities based on context. Even the simplest animals generate

distinct behaviors to the same sensory cue depending on the other cues that are present at

the same time. Food, hunger, danger, and sleep elicit modulatory contexts that change

the behavioral output to the same sensory input (Gu, 2002). Understanding behavior

requires an understanding of the strategies that integrate context into sensory responses

during ecologically relevant behaviors.

Oxygen is unevenly distributed in soil and water environments (Sylvia et al.,

1998; Wannamaker and Rice, 2000; Wu, 2002), and is an important sensory cue for many

organisms. Animals monitor both internal and environmental oxygen levels to maintain

oxygen homeostasis (Hermes-Lima and Zenteno-Savin, 2002). Either hypoxia or

hyperoxia is disruptive: molecular oxygen is essential for many biological processes, but

excess oxygen promotes the production of toxic reactive oxygen species (Yu, 1994). The

best-understood mechanism of oxygen homeostasis is the HIF-1 (hypoxia-inducible

transcription factor) system, which is conserved in all metazoa (Kaelin, 2005). This

relatively slow transcriptional pathway for oxygen homeostasis is supplemented by rapid

neuronal mechanisms for oxygen sensation. In mammals, the carotid body senses

reduced blood oxygenation to mediate a hyperventilatory response and strong arousal

*
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(Lopez-Barneo, 2003). In the nematode Caenorhabditis elegans, certain chemosensory

neurons detect environmental oxygen to generate aerotaxis behaviors in oxygen gradients

(Gray et al., 2004). These neurons, called URX, AQR, and PQR, express five genes that

encode soluble guanylate cyclase homologs (sGCs) with similarity to the NO-regulated

sGCs from other animals. The sGC homolog GCY-35 is required for normal aerotaxis

and binds directly to molecular oxygen through a heme cofactor (Gray et al., 2004),

suggesting that oxygen regulates GCY-35 and cc MP production during aerotaxis. A

second predicted sGC homolog encoded by the gey-36 gene is also needed for aerotaxis

(Cheung et al., 2005). cQMP produced by these cyclases is thought to open a colv[P-

gated sensory transduction channel encoded by the tax-4 and tax-2 genes (Gray et al.,

2004). Through the activity of the cyclases and the colv[P-gated channel, animals

accumulate at a preferred oxygen concentration of about 10% oxygen.

The behavioral response of C. elegans to oxygen is regulated by natural

polymorphisms in a neuropeptide receptor gene, npr-1 (Cheung et al., 2005; Gray et al.,

2004). npr-1 encodes a G protein-coupled receptor related to mammalian neuropeptide Y

receptors, and exists in two allelic forms that differ at a single animal acid, NPR-1(215V)

and NPR-1(215F) (de Bono and Bargmann, 1998). Both alleles are widely distributed in

wild-caught C. elegans populations. Genetic analysis and biochemical characterization

of ligand responses indicate that the 215V allele has high activity and the 215F allele has

low activity (Coates and de Bono, 2002; Rogers et al., 2003). npr-1 (215F) and npr-1 (lf)

animals have strong aerotaxis responses in oxygen gradients both in the presence of food

and in its absence. npr-1 (215 V) animals, including the standard lab strain N2, have

strong aerotaxis responses in the absence of food, but fail to avoid high oxygen when
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food is present (Gray et al., 2004). npr-1 (lf) and npr-1 (215V) also differ in their

locomotory responses to oxygen; reducing oxygen results in slowing of npr-1 (lf), but not

npr-1 (215V), animals (Cheung et al., 2005). Slowing requires gcy-35 and gcy-36, and is

suppressed by expression of npr-1 (215 V) in URX, AQR, and PQR (Cheung et al., 2005).

These results suggest that npr-1 (215 V) activity suppresses sGC-dependent oxygen

responses in the presence of food.

The URX, AQR, and PQR ozygen-sensing neurons have an important role in a

second behavior, the naturally polymorphic social feeding behavior of C. elegans.

Animals with npr-1 (215F) or npr-1(lf) alleles aggregate into feeding groups on bacterial

lawns, a behavior that requires gcy-35 and gcy-36 in URX, AQR, and PQR neurons

(Cheung et al., 2004; de Bono and Bargmann, 1998). Because aggregation is stimulated

at high oxygen levels and accumulation into aggregates decreases local oxygen levels, it

is likely that hyperoxia avoidance by URX, AQR, and PQR is a key component of

aggregation (Gray et al., 2004; Rogers et al., 2006).

An unanswered question is the mechanism by which npr-1 activity is integrated

into the circuit that responds to food and oxygen. npr-1 (215 V) action in URX, AQR, and

PQR neurons suppresses aggregation on food (Coates and de Bono, 2002). The simplest

interpretation of this result would be that npr-1 (215V) is an internal “food sensor” – a

molecule that inhibits URX, AQR, and PQR activity when food is present. However,

many other genes and cells can affect aggregation behavior. For example, aggregation in

npr-1(lf) animals requires the function of TRPV channel genes osm-9 and ocr-2 and the

receptor chaperone gene odr-4 in ASH and ADL nociceptive neurons (de Bono et al.,

2002). Aggregation is also inhibited by the TGF-■ gene daf-7, which is expressed mainly

-
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in a different class of sensory neurons called ASI (de Bono et al., 2002; Ren et al., 1996;

Schackwitz et al., 1996; Thomas et al., 1993). Given the close relationship between

genes and neurons involved in aggregation and hyperoxia avoidance, these other

pathways are also candidate regulators of oxygen responses. Indeed, a recent study of

oxygen responses in the npr-1 (lf) background showed that ocr-2 and the ASH nociceptive

neurons regulate aerotaxis and oxygen-dependent locomotory responses (Rogers et al.,

2006).

Other than gey-35 and tax-4, the genes and neurons required for aerotaxis in the

food-regulated npr-1 (215 V) background are unknown. Here we undertake a systematic

comparison of the cells and genes that mediate hyperoxia avoidance in npr-1 (215 V) and

npr-1 (lf) animals. Our results reveal a distributed network of aerotaxis-promoting

neurons and antagonistic neurons that suppress aerotaxis on food. Neuromodulation by

food is accomplished by the NPR-1 neuropeptide pathway, non-canonical peptide

regulation by the TGF-■ -related protein DAF-7, and the neurotransmitter serotonin.

Different coalitions of neurons dominate aerotaxis behavior in different conditions. Thus

complex natural behaviors in C. elegans, like behaviors in other animals, are assembled

by flexible, distributed neuronal networks.

Results

Two distinct groups of sGC-expressing neurons promote hyperoxia avoidance.

When N2 npr-1 (215 V) C. elegans is placed into a small chamber with a linear

gradient from anoxia to atmospheric oxygen in the gas phase, animals rapidly move to an
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intermediate preferred oxygen concentration between 7-14% O2, avoiding both high and

low oxygen levels (Gray et al., 2004) (Fig. 2-1A, B). We found that different genetic and

sensory inputs affected the animals’ distribution in complex ways (Figures 2-1 – 2-6).

Some manipulations caused animals to shift toward higher or lower oxygen but preserved

avoidance of oxygen extremes (e.g. Fig. 2-1F); other manipulations resulted in flattened

distributions of animals between 7–21% oxygen but did not affect avoidance of low

oxygen (e.g. Fig. 2-1G). Moreover, accumulation of animals at one oxygen

concentration necessarily affected accumulation at all other concentrations – in other

words, individual data points within an aerotaxis assay are not independent. Statistical

approaches for analyzing aerotaxis data were developed to take the entire distribution into

account in representing the mutant responses. Briefly, for each mutant and condition we

first compared the complete distribution of animals in the gradient to appropriate control

strains using a stringent nonparametric test, Chi-square analysis. Distributions that were

significantly different at p < 0.01 were subjected to further analysis with additional tests,

using appropriate corrections for multiple comparisons. The Methods include a full

discussion of statistical considerations; primary aerotaxis data are included in Table 2-1.

In this study, we focused on genes and neurons that contribute to hyperoxia

avoidance, the avoidance of oxygen levels above 14% O2 (Fig. 2-1B, C). Many of the

interesting differences between mutants were evident using a simple index for hyperoxia

avoidance that compares the fraction of animals in the hyperoxia area (bins 1-3, 2.14%

O3) to the fraction in the preferred area (bins 4-6, 7-14% O2). A hyperoxia avoidance

index of 1.0 represents complete avoidance of hyperoxia, 0.0 represents no preference,

and -1.0 represents a complete preference for hyperoxia. Because each mutant was
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assayed at least three times, the hyperoxia avoidance index could be used for standard

statistical methods such as ANOVA. In a few cases, the behavior of animals in the

gradients showed a significant shift in the preferred oxygen concentration that was not

well-described by the hyperoxia avoidance index, but could be described using the

median preferred oxygen concentration. These cases are discussed individually as they

arise. The analysis used here may underreport real differences, but should exclude false

positive results. Throughout this paper, the term “aerotaxis” refers to the complete

distribution of animals (Fig. 2-1 B), and the phrase “hyperoxia avoidance” refers

specifically to the hyperoxia avoidance index (Fig. 2-1 I).

Hyperoxia avoidance in N2 npr-1 (215 V) depends on the colv[P-gated channel

tax-4 and the sGC gey-35 (Gray et al., 2004). Four additional candidate s(3Cs, gey-32,

gcy-34, gey-36, and gcy-37, are co-expressed with gey-35 and tax-4 in the URX, AQR,

and PQR sensory neurons. Existing loss-of-function mutations in all of these s(3Cs

except gcy-37 were tested to ask whether other sGCs are involved in oxygen sensing in

N2 npr-1 (215 V) animals. gey-35 and gcy-36 mutants were significantly different from

wild-type N2 animals based on the hyperoxia avoidance index, whereas gcy-32 and gcy

34 mutants were not affected by this measure (Fig. 2-1D, E, I). Analysis of the entire

aerotaxis distribution showed a significant shift toward higher median preferred oxygen

concentrations in gey-34 mutants (p < 0.05), and a shift in gey-32 animals that is unlikely

to be significant. In an independent study, gey-35 and gcy-36 were found to affect

aerotaxis in the npr-1(lf) background, but gcy-32 and gcy-34 had no effect under standard

assay conditions (Cheung et al., 2005).
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The hyperoxia avoidance defects of gcy-35 and tax-4 mutants can be rescued by

transgenes expressed in the URX, AQR, and PQR neurons (Gray et al., 2004). To ask

whether these neurons are also necessary for aerotaxis, we expressed the cell-death

activator gene egl-1 (Conradt and Horvitz, 1998) under the control of the gey-36

promoter to generate a strain in which the URX, AQR, and PQR neurons were absent

(qals2241). No URX, AQR, and PQR neurons could be detected in animals bearing the

integrated qals2241 transgene, as assessed either by expression of gcy-35::GFP or by

Nomarski microscopy (n > 100 and n = 10, respectively). Surprisingly, the qals2241

strain exhibited robust hyperoxia avoidance that was unlike the sGC mutants gey-34, gey

35, and gcy-36 (Fig. 2-1F, I). Their hyperoxia avoidance index was normal, but qals2241

animals were shifted to significantly lower oxygen concentrations in a 0–21% gradient

than wild-type animals (p < 0.01). These results imply the existence of oxygen-sensing

neurons other than URX, AQR, and PQR. They also show that altering sGC gene

function leads to qualitatively different results from killing URX, AQR, and PQR

neurons (see Discussion).

gcy-35::GFP reporter genes are expressed reliably in URX, AQR, PQR, SDQ,

ALN, and BDU neurons, and variably in AVM, PLM, and PLN neurons (Cheung et al.,

2004; Gray et al., 2004). AVM and PLM are mechanosensory neurons; little is known

about the functional properties of SDQ, ALN, BDU, and PLN. gey-35; qals2241 animals

were defective in hyperoxia avoidance, unlike qals2241 (Fig. 2-1G, D. This result

indicates that gcy-35 has an additional site of action outside the URX, AQR, and PQR

neurons. Expressing gey-35 in SDQ, ALN, and PLN was sufficient to restore hyperoxia

avoidance to gey-35 mutants (Fig. 2-1H, I), suggesting that SDQ, ALN, and PLN might
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also serve as oxygen-sensing neurons. Thus at least two sets of sGC-expressing neurons

promote hyperoxia avoidance: (1) some or all of URX, AQR, and PQR and (2) some or

all of SDQ, ALN, and PLN (Fig. 2-1.J). The two SDQ neurons are similar in lineage,

morphology, and neural connectivity to the AQR and PQR neurons, so they are attractive

candidate oxygen sensors.

The nociceptive ASH TRPV neurons and serotonergic ADF TRPV neurons promote

hyperoxia avoidance.

In further screens for effects of sensory mutants on aerotaxis, we found that two

C. elegans TRPV sensory channels, osm-9 and ocr-2, affected hyperoxia avoidance in

npr-1 (215 V) strains. osm-9 mutants were highly defective in hyperoxia avoidance; ocr-2

mutants had significant defects in hyperoxia avoidance, and a shifted median preference

towards higher oxygen (p < 0.05) (Fig. 2-2A, I).

osm-9 and ocr-2 function in chemotaxis toward some odors and in avoidance of

high osmolarity, nose touch, and chemical repellents (Colbert et al., 1997; Tobin et al.,

2002). The expression of osm-9 and ocr-2 overlaps in the chemosensory neurons AWA,

ADF, ADL, ASH, PHA, and PHB; osm-9 is expressed in numerous additional neurons.

Several cell-specific transgenes were tested for the ability to rescue osm-9 hyperoxia

avoidance in the N2 npr-1 (215 V) strain. The ASH nociceptive neurons are required for

avoidance of chemical, mechanical, and osmotic repellents (Bargmann and Mori, 1997).

Expressing osm-9 in the ASH nociceptive neurons, together with the posterior PHA and

PHB neurons, restored hyperoxia avoidance to osm–9 mutants (Zhang et al., 2004) (Fig.

2-2B, I). A close correlation was observed between rescue of osmotic avoidance, an

-
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ASH-mediated behavior, and rescue of hyperoxia avoidance (see Methods). These

results match with those previously observed in the npr-1 (lf) background, where

expression of OCR-2 in ASH rescued both aggregation and aerotaxis (de Bono et al.,

2002; Rogers et al., 2006).

Unexpectedly, a second transgene that rescued an osm–9 mutant only in ADF

neurons also rescued osm-9 hyperoxia avoidance (Zhang et al., 2004) (Fig. 2-2C, I).

ADF is a chemosensory neuron that affects formation of the alternative dauer larva stage,

chemotaxis towards water-soluble attractants, and olfactory learning (Bargmann and

Horvitz, 1991; Bargmann and Mori, 1997; Zhang et al., 2005); it has not previously been 2.º
-º-

implicated in oxygen-related behaviors. Unlike the rescuing ASH transgene, the ADF ºr
---

transgene did not rescue osmotic avoidance (see Methods), and the ASH transgene did ºr
-

º
not rescue other roles of osm-9 in ADF (Zhang et al., 2004). These results suggest that ---

ºº

osm-9 acts in both ASH and ADF neurons to promote hyperoxia avoidance. –
The ADF neurons produce serotonin, a neurotransmitter that modulates egg

laying, feeding, locomotion, learning, and other food- and stress-related responses * .
-

º

(Estevez et al., 2004; Horvitz et al., 1982; Sze et al., 2000; Zhang et al., 2005). The rate- -2
limiting enzyme for serotonin biosynthesis is tryptophan hydroxylase, which is encoded ->
by the toh-1 gene in C. elegans (Sze et al., 2000), osm-9 and ocr-2 mutants have reduced

levels of tºph-1 expression in ADF (Zhang et al., 2004). To ask whether serotonin might *

contribute to the activity of ADF neurons, we examined toh-1 null mutants. These

animals avoided hyperoxia about half as well as wild-type animals (Fig. 2-2D, I). Their

intermediate defect is consistent with the idea that ADF functions as one of several

neurons that promote hyperoxia avoidance. A transgene that expressed toh-1 only in the
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ADF sensory neurons rescued the hyperoxia avoidance defect of toh-1 mutants (Fig. 2

2E, I). A different transgene that expressed toh-1 in the NSM neurons in the pharynx did

not rescue hyperoxia avoidance (Fig. 2-2F, I), although it does rescue some effects of

tph-1 on locomotion (Zhang et al., 2005). This result suggests that serotonin produced by

ADF promotes hyperoxia avoidance.

tph-1 was also required for hyperoxia avoidance in the qals2241 strain that lacked

URX, AQR, and PQR neurons, as were ocr-2 and osm–9 TRPV genes (Fig. 2–2G-I).

These results provide further evidence that TRPV channel-expressing neurons cooperate

with sGC-expressing neurons in the oxygen response. The analysis of the sGC and

TRPV mutants suggests that no single class of neuron is required for hyperoxia

avoidance in N2 npr-1 (215 V) animals. Either of two sets of sGC-expressing neurons can

cooperate with either of two sets of TRPV-expressing neurons to generate hyperoxia

avoidance in oxygen gradients (Fig. 2-1.J., 2-2J).

npr-1(lf) strains can respond to food if sGC or ocr-2 TRPV activity is reduced.

The basic aerotaxis responses of npr-1 (lf) animals were similar to those of N2

npr-1 (215 V) animals (Gray et al., 2004) (Fig. 2-3A), and most of the cells and genes

required for hyperoxia avoidance appeared to be similar. npr-1 (lf) animals with the

qals2241 transgene that killed URX, AQR, and PQR neurons showed robust hyperoxia

avoidance, but the aerotaxis distribution was significantly shifted compared to npr-1 (lf)

alone (Fig. 2-3B, G). npr-1 (lf) hyperoxia avoidance was reduced by mutations in gey-35,

osm-9, and ocr-2 (Fig. 2-3C-E, G); similar results were obtained independently by de

Bono and colleagues (Cheung et al., 2005; Rogers et al., 2006). One significant
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difference between N2 and npr-1 (lf) was that a tph-1 mutation did not significantly

diminish hyperoxia avoidance in the npr-1 (lf) strain (Fig. 2-3F, G).

The presence of a small amount of bacterial food in the aerotaxis chamber

strongly suppressed hyperoxia avoidance of N2 strains (Gray et al., 2004) (Fig. 2-4A, K).

In npr-1 (lf) strains, the hyperoxia avoidance index was nearly unchanged by food (Gray

et al., 2004) (Fig. 2-4B, 2-4K), and aerotaxis was shifted slightly but significantly toward

lower oxygen levels (p < 0.05). N2; qals2241 animals in which URX, AQR, and PQR

were killed were regulated by food, like N2 animals (Fig. 2-4C, K). Hyperoxia

avoidance in npr-1 qals2241 animals was also strongly regulated by food, unlike the

response of npr-1 (lf) animals (Fig. 2-4D, K). The reappearance of food regulation was

surprising, but consistent with observations that oxygen-dependent slowing on food is

restored in npr-1 (lf) animals with gey mutations or hyperpolarized URX, AQR, and PQR

neurons (Cheung et al., 2005) (Fig. 2-4E, F, K). The recovery of food regulation also

supports the model from aggregation studies that the main site of npr-1 action is the sGC

expressing URX, AQR, and PQR neurons (de Bono et al., 2002), which are not required

for food regulation (Fig. 2-4C, K).

osm-9 and ocr-2 TRPV mutations affected both food regulation and hyperoxia

avoidance in the npr-1 (lf) background. osm–9 mutants were defective in hyperoxia

avoidance in all npr-1 backgrounds, with or without food (Fig. 2-4G, H, K). The

hyperoxia avoidance index of ocr-2: npr-1 (lf) double mutants was significantly regulated

by food, unlike that of npr-1 (lf) mutants (Fig. 2-4I - 2-4K).

The simplest initial model explaining npr-1 aerotaxis behavior would have been

that npr-1 (215V) is the essential link between food sensation and hyperoxia avoidance,
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but this model must be incorrect. npr-1 contributes to food regulation of aerotaxis, but

the analysis of double mutants shows that alternative pathways retain covert food

sensitivity in npr-1 (lf) strains.

Increases and decreases in ADF serotonin affect hyperoxia avoidance on food.

Serotonin regulates numerous food-associated behaviors in C. elegans, and

therefore was considered as a possible regulator of aerotaxis. Indeed, in the N2 npr

1(215 V) strain, the serotonin biosynthesis gene toh-1 was required both for robust

hyperoxia avoidance (Fig. 2–2) and for food regulation: the residual hyperoxia avoidance

of toh-1 mutants was not regulated by food (Fig. 2-5A, B, F). Hyperoxia avoidance in

tph-1; npr-1 double mutants was unregulated by food, as observed for each single mutant

(Fig. 2-5C, F). These results implicate tºph-1 in food regulation in npr-1 (215V) strains.

The hyperoxia avoidance defect of toh-1 mutants off food was rescued in typh-1;

ADF::tph-1 transgenic animals (Fig. 2-2), but these rescued animals were not regulated

by food (Fig. 2-5D, F). These results are consistent with models in which food regulation

requires the endogenous toh-1 promoter, accurate regulation of ADF serotonin levels, or

additional serotonergic neurons. The ADF::tph-1 transgene was introduced into wild

type animals to distinguish among possible mechanisms of food regulation. This strain

should have increased toh-1 expression in ADF, and the srh-142 ADF promoter should

be resistant to normal transcriptional pathways for tºph-1 regulation. Hyperoxia

avoidance in wild-type animals bearing the ADF::tph-1 transgene was poorly regulated

by food compared to N2 controls (Fig. 2-5E, F). Thus regulation of hyperoxia avoidance

by food requires appropriate regulation of ADF serotonin: either loss of ADF typh-1 or
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unregulated ADF toh-1 expression disrupted food regulation of npr-1 (215 V) strains.

These results point toward toh-1 in ADF as a possible site of food regulation in the

npr-1 (215 V) strain. In particular, they suggest that high levels of ADF toh-1 generate

strong hyperoxia avoidance on or off food.

daf-7/TGF-■ reduces ADF serotonin to block hyperoxia avoidance on food.

The C. elegans TGF-■ homolog DAF-7 responds to food and crowding to

regulate formation of the alternative dauer larva stage; low levels of daf-7 activity are

associated with stressful conditions that favor dauer formation (Ren et al., 1996;

Schackwitz et al., 1996), daf-7 mutants aggregate on food, suggesting a possible

interaction with oxygen-regulated behaviors (Thomas et al., 1993), but this process is

genetically different from npr-1 aggregation (Cheung et al., 2004; de Bono et al., 2002).

We found that daf-7 mutants exhibit robust hyperoxia avoidance in the presence or

absence of food (Fig. 2-6A, B, J). These results suggest that like npr-1 (215 V), daf-7

activity suppresses hyperoxia avoidance on food.

During reproductive growth, secreted DAF-7 antagonizes the activity of the

SMAD transcription factor DAF-3 in target cells (Patterson et al., 1997; Thomas et al.,

1993). daf-3 mutants are dauer-defective, daf-7 mutants are dauer-constitutive, and daf

7; daf-3 mutants resemble daf-3 mutants. Similar epistasis relationships were observed

in hyperoxia avoidance. daf-3 hyperoxia avoidance was regulated by food (Fig. 2-6C, J),

and hyperoxia avoidance of daf-7 daf-3 animals was also regulated by food, resembling

daf-3 mutants rather than daf-7 mutants (Fig. 2-6D, J). These results suggest that daf-7

regulates hyperoxia avoidance through the transcriptional daf-3/SMAD pathway.
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Hyperoxia avoidance in daf-3 mpr-1 mutants resembled that of npr-1 single mutants and

was not regulated by food (Fig. 2-6E, J). These results indicate that npr-1 does not act

through the daf-3 transcriptional pathway.

daf-7 is expressed most strongly in the ASI sensory neurons, where its

transcription is induced by food and suppressed by crowding (Ren et al., 1996). This

activity-dependent pathway for daf-7 expression in ASI requires the colv[P-gated sensory

channel tax-4 (Coburn et al., 1998) (Fig. 2-6F, G). To ask whether daf-7 expression in

ASI might affect aerotaxis, we examined a strain in which tax-4 was mutant in ASI and

other sensory neurons, but rescued in URX, AQR, and PQR neurons. Hyperoxia

avoidance in these strains was not regulated by food (Fig. 2-6H, J), suggesting that food

could act in part by regulating daf-7 expression in ASI.

Both daf-7 and the serotonin biosynthetic enzyme tph-1 function in food and

stress responses, and toh-1 has complex positive and negative interactions with genes in

the dauer formation pathway, including daf-7 (Estevez et al., 2004; Sze et al., 2000). We

found that daf-7 mutants had significantly increased toh-1::GFP expression in ADF

neurons (Fig. 2-7A-C). tºph-1 is the rate-limiting enzyme for serotonin synthesis, so this

induction should increase total ADF serotonin levels and therefore promote aerotaxis.

tph-1::GFP expression in ADF was also increased in tax-4 mutants (Fig. 2-7C), which

have a low level of daf-7 expression in ASI. These observations suggest that toh-1 in

ADF might act at a hub between aerotaxis-promoting and aerotaxis-suppressing

networks.

Increased ADF serotonin stimulates hyperoxia avoidance on food in N2 npr

1(215V) animals (Fig. 2-5E, F), so the induction of toh-1 in daf-7 mutants could explain
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why daf-7 mutants retained strong hyperoxia avoidance on food. This hypothesis was

supported by molecular and genetic epistasis results. At a molecular level, daf-3

suppressed the tph-1::GFP induction caused by the daf-7 mutation (Fig. 2-7C), as well as

suppressing daf-7 hyperoxia avoidance on food (Fig. 2-6D, J). These results indicate that

daf-7 activity inhibits daf-3 to inhibit toh-1 expression in ADF (Fig. 2-7D). At a genetic

level, tph-1 was epistatic to daf-3, so that hyperoxia avoidance in typh-1, daf-3 double

mutants was unregulated by food, as in tºph-1 single mutants (Fig. 2-6I, J). These results

are consistent with the model that daf-3 functions by regulating toh-1 expression. daf-3

is not required for basal typh-1 expression in ADF, only for its regulation by daf-7 (Fig. 2

7C); since tph-1 is also regulated by TRPV and calcium signaling pathways (Zhang et al.,

2004), daf-3 may not be the only link between food and toh-1 expression (Fig. 2-7D).

By both molecular and genetic criteria, daf-7 and npr-1 appeared to act in separate

pathways to regulate hyperoxia avoidance on food. The expression of tºph-1::GFP in

ADF was not increased in npr-1 animals compared to wild-type animals (Fig. 2-7C), and

daf-3 mpr-1 mutants resembled npr-1 single mutants in hyperoxia avoidance (Fig. 2-6E,

J), indicating that daf-3 is not the target for npr-1.

These results implicate two different pathways in food regulation of aerotaxis:

one mediated by neuropeptide npr-1 suppression of sGC neurons, and one mediated by

daf-7 suppression of tºph-1 expression in ADF. Neurons that promote and regulate

hyperoxia avoidance belong to partly redundant coalitions that antagonize each other: no

unique system directs either hyperoxia avoidance or food regulation. A model for this

network is presented in Figure 2-8.
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Discussion

Oxygen-sensing neurons interact in a distributed aerotaxis circuit.

The C. elegans nervous system consists of 302 neurons with reproducible

morphologies and synapses (White et al., 1986). Many of these neurons have

characteristic sensory or motor functions (Bargmann and Mori, 1997; Chalfie et al., 1985;

Gray et al., 2005). However, food is able to alter the neurons required for several C.

elegans behaviors (Chao et al., 2004; Sawin et al., 2000), often through serotonin

dependent pathways (Estevez et al., 2004; Horvitz et al., 1982; Sze et al., 2000; Zhang et

al., 2005). Our results suggest that the network for oxygen-regulated behavior is flexible

and distributed. Like the crustacean feeding circuit, the leech escape circuit, and the

mammalian hippocampus, oxygen responses are encoded in the behavior of neuronal

populations, not just individual neurons (Briggman et al., 2005; Nusbaum and

Beenhakker, 2002; Wills et al., 2005).

At least four sets of sensory neurons promote avoidance of high oxygen: (1) some

or all of URX, AQR, and PQR, which express multiple soluble guanylate cyclases

(sGCs), (2) some or all of SDQ, ALN, and PLN, which express the sGC GCY-35 and (3

and 4) the osm-9 (TRPV)-expressing neurons ADF and ASH (Fig. 2-8A). In the absence

of food, either URX, AQR, and PQR neurons or the other SGC neurons can be sufficient

for hyperoxia avoidance, although they result in different peak oxygen preferences: about

10% O2 for URX, AQR, and PQR, and about 8% O2 for the alternative neurons.

Avoidance of hypoxia (below 7% O2) appears to represent a separate system that is

largely independent of these pathways.

-
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At least three predicted soluble guanylate cyclases, gey-34, goy-35, and gcy-36,

contribute to hyperoxia avoidance in a N2 background. Mammalian sGCs function as

obligate dimers (Koesling, 1999), so the possible complement of different cyclases in

URX, AQR, and PQR is substantial, perhaps explaining why sGC mutations are different

from killing URX, AQR, and PQR. In an independent study, gey-35 and gcy-36, but not

gcy-32 or gcy-34, were found to be required for hyperoxia avoidance in npr-1 strains

(Cheung et al., 2005). Enhanced aerotaxis activity of URX, AQR, and PQR in npr-1

mutants may relieve the requirement for gcy-34 activity. However, even in npr-1

mutants, either gcy-32 or gcy-34 contributes to avoidance of high oxygen levels under

sensitized conditions (Cheung et al., 2005).

URX, AQR, PQR, SDQ, ALN, and PLN express soluble guanylate cyclases that

bind to molecular oxygen, consistent with a primary oxygen-sensing function (Gray et

al., 2004). We suggest that these neurons are activated by high oxygen to trigger

avoidance behavior. An avoidance function is consistent with the neuronal connectivity

of URX, AQR, PQR, and SDQ neurons; like ASH and other sensory neurons that

mediate avoidance, these neurons synapse onto the command interneurons that regulate

the choice between forward and backward movement (White et al., 1986) (Fig. 2-8A).

The TRPV-expressing neurons ADF and ASH also promote hyperoxia avoidance,

and an osm–9 mutant can be rescued by expression in either of those cells. Additionally,

ASH neurons contribute to aggregation in npr-1 strains (de Bono et al., 2002). No direct

molecular mediators of oxygen sensation have been defined in ADF and ASH. These

neurons might sense oxygen directly through an unknown mechanism, or they might act

indirectly to stimulate the activity of the sGC-expressing neurons. ASH neurons are

-
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polymodal nociceptors that generate robust calcium transients to noxious stimuli such as

high osmotic strength, quinine, and touch (Hilliard et al., 2004), but ASH does not

respond with strong calcium transients when exposed to decreases or increases in oxygen

in the range where hyperoxia avoidance is observed (data not shown). It is possible that a

subtle modulation of ASH activity by oxygen contributes to a distributed oxygen

response, or that other noxious signals sensed by ASH converge with oxygen at

downstream neurons (de Bono et al., 2002).

The ADF neurons have not been implicated in aggregation, but our results

indicate that ADF has a significant role in aerotaxis of npr-1 (215 V) animals. ADF

stimulates aerotaxis in the absence of food by producing serotonin. A variety of results

suggest that ADF serotonin may be a stress signal in C. elegans; this possibility is

considered below.

The wiring diagram of synaptic connections in C. elegans suggests that the

network of aerotaxis neurons converges on AVA, the command interneuron responsible

for generating backward motion; ASH, AQR, PQR, and SDQ all make connections to

AVA (White et al., 1986) (Fig. 2-8A). Another likely site of signal integration is the

interneuron AUA, which receives most of its synaptic inputs from ADF and URX and

Synapses onto AVA and other neurons.

TGF-■ signaling, serotonin, and aerotaxis on food.

C. elegans egg-laying, feeding, locomotion and olfactory behavior are all

regulated by food, in part through serotonin-dependent pathways (Estevez et al., 2004;
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Horvitz et al., 1982; Sze et al., 2000; Zhang et al., 2005). Our results identify serotonin

and the TGF-■ homolog DAF-7 as interacting modulators of hyperoxia avoidance in

npr-1 (215 V) strains. Either decreased or increased serotonin disrupts food regulation:

tph-1 mutants have poor hyperoxia avoidance that is not regulated by food, whereas daf-7

strains that overexpress toh-1 have robust aerotaxis that is not regulated by food.

Unregulated expression of tºph-1 from the srh-142 promoter results in food-resistant

aerotaxis. These results suggest that toh-1 expression in ADF functions as a dose

dependent stimulator of hyperoxia avoidance.

Genetic and molecular results indicate that daf-7 suppresses hyperoxia avoidance

on food by repressing toh-1 expression in ADF neurons. The expression of daf-7 in ASI

is stimulated by food and tax-4, providing a link between food availability and daf-7

activity (Coburn et al., 1998; Ren et al., 1996). Thus the daf-7/tph-1 regulatory loop may

be a component of normal food regulation of hyperoxia avoidance. It is possible that

other serotonergic neurons affect food regulation as well.

tph-1 expression in ADF can be induced by infection with bacterial pathogens,

high temperature, calcium signaling, and genes in the dauer formation pathway (Estevez

et al., 2004; Zhang et al., 2004; Zhang et al., 2005). High temperature and pathogenic

infection are natural stressors for C. elegans, and the dauer pathway is a general

physiological response to stress states, suggesting that induction of serotonin in ADF is a

common stress-related response. Hyperoxia is a metabolic stressor and a mutagen; the

nociceptive ASH neurons and the ADF serotonergic neurons may function to stimulate

hyperoxia avoidance (and thus decrease oxidative stress) in the presence of other

environmental or metabolic stressors.
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Paradoxically, serotonin can substitute for the effects of food in many behavioral

assays (Horvitz et al., 1982), and therefore may communicate either food or stress signals

depending on the amount of serotonin or the neuronal source of serotonin. An interesting

contrast to hyperoxia avoidance is provided by ASH nociception, which is stimulated by

serotonin and heightened in the presence of food, the condition in which hyperoxia

avoidance is suppressed (Chao et al., 2004). The behaviors associated with serotonin

signaling – enhancement of feeding or egg-laying, enhanced slowing on food, alteration

of nociceptive pathways, and olfactory learning – are all highly sensitive to the transition

between well-fed and starved states (Chao et al., 2004; Horvitz et al., 1982; Nuttley et al.,

2002; Sawin et al., 2000; Zhang et al., 2005). ADF serotonin release might be used to

signal and enhance the transition between these states, rather than representing either the

positive or the negative sensory context.

Aerotaxis, social feeding, and foraging: Flexibility and plasticity of natural

behavior.

By repressing the activity of oxygen-sensing neurons (Cheung et al., 2005;

Rogers et al., 2006), npr-1 (215 V) activity in N2 strains enhances the food sensitivity of

an existing oxygen-sensing network regulated by daf-7 and toh-1. The phenotypes of

npr-1 (lf) strains are consistent with increased URX, AQR, and PQR activity, and

Subsequent stimulation of both hyperoxia avoidance and aggregation on food. C. elegans

consumes oxygen, so oxygen levels within an aggregate of C. elegans are lower than

those in the surrounding bacterial lawn ((Rogers et al., 2006); M. Peliti, personal

communication). Aggregation only occurs in strains that maintain strong hyperoxia

-
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avoidance in the presence of food (Table 2-3). These results suggest that aggregation

behavior is partly driven by hyperoxia avoidance, and that animals within an aggregate

cooperate to lower ambient oxygen to a preferred level. Aggregation in microaerophilic

flagellates has been shown to have a similar oxygen-lowering effect (Fox, 1921).

More generally, hyperoxia avoidance may represent a foraging behavior in which

C. elegans searches for the lower oxygen concentrations that correspond to food. In the

soil, pockets of bacteria growing on decaying organic matter create local sinks of oxygen;

even E. coli colonies on an agar surface consume oxygen faster than it can diffuse

through the lawn (Gray et al., 2004). N2 npr-1 (215 V) animals suppress the drive to find

low oxygen in the presence of adequate E. coli food, a strategy that may allow them to

exploit a greater range of environments. Thus the recent evolutionary appearance of C.

elegans strains with npr-1 (215 V) activity may have added flexibility to C. elegans

feeding behavior (Rogers et al., 2003).

The analysis of wild-type and npr-1 animals on and off food shows that despite its

stereotyped neuroanatomy, C. elegans can generate hyperoxia avoidance using flexible

configurations of neurons. The preferred oxygen concentration can be altered by

changing the class of sensory neurons that dominate the response, or by changing the

properties of the sensory neurons. The strength of the avoidance response can be

regulated by different food signals that modulate oxygen-sensing circuits. Our results

suggest that the simple nervous system of C. elegans has the potential to assemble

alternative functional circuits analogous to the dynamic modulated networks in

crustacean feeding circuits, leech escape response circuit, or hippocampal place cells

(Briggman et al., 2005; Nusbaum and Beenhakker, 2002; Wills et al., 2005). The

*
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complexity and subtlety of these pathways suggest that oxygen – a highly variable

stimulus in the soil environment – is an important regulator of natural C. elegans

behavior.
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Materials and Methods

Strains

Strains were cultured under standard conditions (Brenner, 1974) and fed E. coli

HB 101. Wild-type animals were C. elegans Bristol strain N2. Other strains used in this

study include: AX1297 gey-36 (dbó6) X, CX6448 gey-35 (ok769) I, RB1062 gey-34

(ok 1012) V, CX6804 gey-32 (okº%5) V, CX7102 lin-15 (n 765) qals2241 [gcy-36::egl-1,

gcy-35::g■ p, lin-15(+)|X, CX7104 gey-35 (ok 769) I; qals2241 X, CX8142 gey-35

(ok 769) I; kyEx1248 [lad-2::gcy-35, unc-122::ds Red), CX4544 ocr-2 (ak+7) IV, CX4537

osm-9 (ky10) IV, CX7265 osm-9 (ky10) IV; yzEx53 [osm–10::osm-9, elt-2::g■ p], CX7264

osm-9 (ky10) IV; yzEx51 [cat-1::osm-9, elt-2::g■ p], CX7456 ocr-2 (ak+7) IV; qals2241

X, CX7250 osm-9 (ky10) IV; qals2241 X, DA609 mpr-1 (adó09) X, CX7158 mpr-1

(adó09) qals2241 X, CX7157 gey-35 (ok 769) I; npr-1 (adó09) X, CX4821 osm-9 (ky10)

IV: npr-1 (adó09) X, CX4649 ocr-2 (ak+7) IV: npr-1 (adó09) X, CB1372 daf-7 (e1372)

III, CB1376 daf-3 (e1376) X, JT5464 daf-7 (e1372) III; daf-3 (e1376) X, CX7926 daf-3

(e1376) npr-1 (adó09) X, DR1808 m/st [daf-7::g■ p, rol-6 (su 1006)] X, CX7394 tax-4

(ks28) III; mlsó X, CX6858 tax-4 (ks28) III; kyIs?42 [gcy-32::tax-4::g■ p, unc-122::g■ p],

GR 1321 ph-1 (mg280) II, CX7749 ph-1 (mg280) II; kyEx1087 [ceh-2::tph-1::g■ p, unc

122::g■ p], CX76741 toh-1 (mg280) II; kyEx953 [srh-142::tph-1::g■ p, unc-122::g■ p],

CX8060 kyEx953, CX7888 tph-1 (mg280) II; qals2241 X, CX8151 ph-1 (mg280) II;

npr-1 (adó09) X, GR1334 tph-1 (mg280) II; daf-3 (mgD/90) X, GR1333 y21s 71 [tph

1::g■ p, rol-6 (su 1006)] V, CX7248 tax-4 (ks28) III; yz■ s 71 V, CX8013 daf-7 (e1372) III;

yzls 71 V, CX8012 yz■ s 71 V; daf-3 (e1376) X, CX8059 daf-7 (e1372) III; yz■ s 71 V; daf-3

-

42



(e1376) X, CX8105 y2/s 71 V: npr-1 (adó09) X. Additional strains used in Figures 2-10S

and 2-11S include: CZ3805 gey-33 (ok232) V; gcy-31 (ok296) X, CX6803 gey-35

(ok?69) I; gcy-33 (ok232) V; gcy-31 (ok296) X, CX6422 gey-35 (ok769) I; gcy-33

(ok232) V; gcy-31 (ok296) qals2241 X, CX4651 osm-9 (ky10) ocr-2 (aka 7) IV, CX5104

osm-9 (ky10) ocr-2 (ak+7) IV: npr-1 (adó09) X, RB982 flip-21 (ok889) V, NY 192 flp-21

(pk1601) V, CX7887 daf-7 (e1372) III; qals2241 X. In all cases, null alleles or strong

loss-of-function alleles were used.

Molecular Biology

A lad-2::gcy-35 rescuing plasmid was constructed by PCR amplification of the

lad-2 promoter from genomic DNA and insertion into Fsel to AscI in an expression

vector containing gCy-35 cDNA in pSM1, a modified pPD49.26 with extra cloning sites

(Gray et al., 2004). The lad-2 promoter contains 4.0 kb sequence upstream of the start

codon. Expression of the lad-2::g■ p transcriptional reporter fusion was reported in the

SMD, SAA, SDQ, ALN, and PLN neurons (Oliver Hobert, personal communication); we

made independent strains that confirmed this expression pattern (data not shown). The

lad-2::gcy-35 plasmid was injected at 50 ng/ul with 30 ng/ul unc-122::ds Red as a co

injection marker.

Behavioral Assays

Aerotaxis assays were performed by placing animals on NGM agar in custom

made microfluidic devices fabricated from polydimethylsiloxane (PDMS) with a gas

phase linear gradient from 0–21% oxygen, and monitoring animals’ accumulation in nine
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bins across the gradient (Gray et al., 2004). Gradients were generated by delivering gases

under laminar flow to source and drain chambers immediately outside the behavioral

arena, using a syringe pump; diffusion of the gases established the gradient in the small

assay chamber. Gases were obtained from Airgas, Matheson, and TW Smith. Animals

were prepared for assays as described except that animals were picked instead of washed

from their culture plate onto NGM assay plates before the devices were placed onto the

assay plate. For assays on food, thin bacterial lawns of E. coli HB 101 were made by

seeding NGM plates for overnight growth at 37°C and returning plates to room

temperature for at least 1 hour before assay.

Results from two devices were binned for one assay (~80-100 animals per assay).

At least three independent assays on three different days for each genotype were used to

generate results in the Figures. Data presented represent distributions 25 minutes from

start of the assay.

Glycerol osmotic avoidance assays for rescued osm-9 strains were performed

using a ring of 20 pil 4M glycerol and xylene cyanol pipetted onto a NGM plate. The

fraction of animals that escaped the ring was scored at 8 minutes after exposure, osm-9;

ADF::osm-9 animals were not rescued for osmotic avoidance (fraction escaping osmotic

ring + standard error of the mean for N2, 0.04+0.02; for osm-9, 0.82+0.06; for osm–9:

ADF::osm-9, 0.73+0.06). osm–9: osm–10(ASH, PHA, PHB)::osm-9 animals were

partially rescued for osmotic avoidance (fraction escaping osmotic ring, 0.43+0.06),

suggesting variable expression of the transgene. To select for osm–9: osm–10::osm-9

transgenic animals that strongly avoided high osmolarity, animals were washed and

tested in the 4M glycerol ring. Transgenic animals that stayed inside the ring after 8-10

*

44



minutes were picked off and recovered on a well-fed culture plate for at least 4 hours

before testing for aerotaxis.

Statistical Analysis

Statistical analysis of aerotaxis was conducted in multiple steps. The nine

individual points in the aerotaxis assay are not independent – accumulation of animals in

one bin necessarily affects all other bins – so they cannot be analyzed individually. A

first test to assess the overall distribution of animals in the aerotaxis assay was a

comparison of experimental strains or conditions to controls by Chi-square analysis (nine

bins per aerotaxis assay x 2 strains = 8 degrees of freedom). Chi-square analysis takes

into account the non-Gaussian nature of the aerotaxis distributions as well as the total

number of animals tested. It is overly conservative, because it combines all animals

tested into a single contingency table, and does not take into account the fact that each

assay was repeated multiple times. Therefore, assays that are not statistically different by

this criterion may actually be different. With this issue in mind, we have emphasized

positive findings in this study. For controls such as N2 that were compared to multiple

mutants, p < 0.01 was used as the level of significance for the Chi-square test. Most

results described in the paper were significant at p < 0.001 (Table 2-2). In the text, any

Stated differences in a secondary measure, such as hyperoxia avoidance index or median

preferred oxygen concentration (see below), had also passed this first test using Chi

square analysis of the entire distribution (p < 0.01).

The hyperoxia avoidance index has been previously described (Gray et al., 2004)

and is defined as [(fraction of animals in 7-14% O2) - (fraction of animals in 14-21% O2)]
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/ (fraction of animals in 7–21% O2). This standard performance index varies from -1.0

(all animals in hyperoxic regions) to +1.0 (all animals in normoxic regions) with 0

representing no preference between normoxia and hyperoxia. The response to hypoxia,

the region between 0-7% oxygen, was not reliably affected in any of the assays described

here; hypoxia avoidance appears to be a distinct behavior with a distinct genetic basis,

and this part of the curve was not informative for any analysis. Each strain or condition

was tested in at least 3 assays with ~80-100 animals each, and the mean hyperoxia

avoidance index across all assays was used to test significance. t tests were used to

compare the hyperoxia avoidance indices between two distributions (Statview). ANOVA

plus Bonferroni t tests or Dunnett tests were used for multiple comparisons of hyperoxia

avoidance indices between strains (Statview). For controls such as N2 that were

compared to multiple mutants, p < 0.01 was used as the level of significance.

The median oxygen preference was calculated for each assay as the position of

the 50" percentile of animals. Results from multiple assays were combined for each

strain or condition using at least 3 assays with ~80-100 animals per assay, generating a

mean median oxygen preference. For ANOVA, all strains were compared to one control

(N2 in the absence of food), and Dunnett tests for multiple comparisons were used.

Significant differences were observed with gey-34, gey-36, and ocr-2 (all off food, higher

oxygen preference than N2), and qals2241 off food, npr-1 on food, and daf-7 on food

(lower oxygen preference than N2).

In almost every case, the hyperoxia avoidance index or the median oxygen

preference uncovered and simplified the differences between strains and conditions that

were apparent in the overall assays.
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Two concerns remained after this analysis: (1) Is it valid to consider the

hyperoxia avoidance index and the median preferred oxygen concentration as

independent values? (2) Are there important features of the behavior that were

overlooked using these parameters? As an independent, unbiased way to identify

important sources of variance in the data, we analyzed the distribution of animals in 279

aerotaxis assays by principal component analysis (PCA), an unsupervised data reduction

method.

PCA was conducted on 48 data points that described each aerotaxis curve: the

fraction of animals in each of the nine bins, the sums of fractions in adjacent bins or

adjacent groups of three or four bins, and the differences between adjacent bins or

adjacent groups of two or three bins. These 48 data points reflected features of the

aerotaxis assay that were not necessarily represented in the standard parameters, such as

the steepness of the curve at each point in the assay. Aerotaxis assays representing 36

genotypes with or without food were analyzed for PCA using Cluster 3.0 for Mac OSX

(Michiel de Hoon, Seiya Imoto, and Satoru Miyano, University of Tokyo). The first

principle component (PC1) described the basic bell-shape of the aerotaxis assay, the

second component (PC2) resembled the peak preferred oxygen concentration, and the

third component (PC3) resembled the hyperoxia avoidance index. Each principal

component represents a complex vector that is most easily understood by showing the

assays with the highest and lowest value of that vector (Fig. 2-9). For PC2, the highest

values were the assays where the peak response was at high oxygen concentrations (e.g.

gcy-34, gey-36, ocr-2), and the lowest values were the assays in which the peak response

was at low oxygen concentrations (e.g. qals2241), wild-type N2 animals had an
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intermediate value (Fig. 2-9A). For PC3, the highest values were the assays with a strong

aerotaxis peak (e.g. npr-1, daf-7, ADF::tph-1) and the lowest values were the assays that

were nearly flat (e.g. N2-like genotypes on food); wild-type N2 animals off food had a

high value (Fig. 2-9B).

The conclusion of this analysis is that an unbiased assessment of the variance in

the aerotaxis assays yields features that are substantially related to the parameters

identified by direct inspection of the aerotaxis data: the hyperoxia avoidance index and

the median preferred oxygen concentration. Since PC2 and PC3 are by definition

independent of each other, it is valid to consider these two components of the aerotaxis

assay (its peak and its strength) separately.

We reasoned that if the principle components defined in this manner were

biologically significant, they would correlate with the genotype and condition of the

assay. Therefore, after PCA of individual assays, assays were grouped by genotype and

condition, and the mean and standard error for each principal component were defined for

each strain and condition and subjected to ANOVA. This analysis demonstrated

significant effects of genotype and condition on PC2 and PC3. Detailed statistical

analysis of PC2 and PC3 by genotype and condition led to conclusions similar to those

reported in the results (data not shown).
*-
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Table 2-1. Distributions of different genotypes and conditions in aerotaxis assays in a
0-21% oxygen gradient.

Bins are equally spaced along the gradient as depicted in Figure 1A. Values are the fractions of animals in each bin.
n, number of assays. Each assay represents 80-100 animals.
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Table 2-2 (p. 1). Chi-square comparisons from this study.
n, total number of animals tested for a given genotype and condition.

n

2774
2774
2774
2774

774
2774
2774
2774
2774
2774
2774
2774

2774|ADF ---

4 º
42 -º-º-

º

-

º
º
ºr
3. º

--~~

- --

406 -->
74|n

-

274|daf-3 -

388 daf-7

-

××

xx

>kx

* P × 0.01
** P × 0.001
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Table 2-2 (p. 2). Chi-square comparisons from this study.
n, total number of animals tested for a given genotype and condition.

n|Gen

2774||N2
823 –35

1 I
601| O

414| m

1

4

274|daf
403|daf
289|daf

daf-7:

406 to h-1;
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6| tax-4; kyIs 342

107 -1
303 | to/h-1; daf-3

- 1: ADF: :
422|ADF: :tph-1

N2
N2

-

N2
N2

2

N2

41
5

N2 –4:
N2 84 -1
N2 -1, daf
N 8

-

N2 848|ADF:

nor-1 Ga1s2241 243
nor-1 da Is?241 24

–35; nor-1
–35: nor-1

Osm-9,
-

-1 : nor-1
f-3 nor
f-3 nor-1

daf-7; daf
f–7; daf
-1, daf-3
-1; daf

: ADF: :toh-1
: toh-1

14
>k

* P × 0.01
** P × 0.001
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Table 2-3. Hyperoxia avoidance and aggregation behavior

Hyperoxia Hyperoxia
Avoidance Avoidance Aggregation

Genotype (off food)" (on food)" (on food)
N2° ++

- -

npr-1° ++ ++ ++

gcy-35; npr-1° +
- -

npr-1 qals2241 +
- -

osm-9: npr-1"
- - -

ocr-2; npr-1" +
- -

daf-3 mpr-1° ++ ++ ++

tph-1; npr-1 ++ + +

daf-7° ++ ++ ++

daf-7; daf-3° ++
- -

tph-1 + +
-

tph-1; daf-3 + +
-

tph-1; ADF::iph-1 ++ +
-

ADF::tph-1 ++ +
-

"Hyperoxia avoidance index. ++, -0.45; +, 0.25-0.45; -, -0.25
* Aggregation reported in de Bono and Bargmann, 1998.
*Aggregation reported in Cheung et al., 2004.
"Aggregation reported in de Bono et al., 2002.
* Aggregation reported in Thomas et al., 1993.
All other results are from this study.
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Figure 2-1. Two distinct groups of sGC-expressing neurons promote hyperoxia

avoidance.

(A) A cartoon of the typical distribution of 100 wild-type N2 animals (red dots) in a 0–

21% oxygen gradient. Adult animals are placed on an agar surface under a 3-cm x 1.5-

cm PDMS chamber; laminar flow of gases at either end of the chamber generates an

oxygen gradient within the chamber. The positions of animals are scored after 25

minutes. For counting, animals are binned in nine equally spaced regions along the

device.

(B) In a 0–21% oxygen gradient, wild-type N2 animals avoid both hyperoxia (14-21%

O2) and hypoxia (0-7% O2), preferring the center of the gradient (7-14% O2) (n = 28

assays, 80-100 animals/assay).

(C) Neurons (top row) and genes that appear in this study. npr-1 is expressed in SDQ

and ASH, but not known to affect their function (de Bono and Bargmann, 1998).

(D, E) Aerotaxis of gcy-35 and gcy-36 mutants (D) and gcy-32 and gcy-34 mutants (E).

(F) Aerotaxis of qals2241 animals, which bear a transgene that kills the URX, AQR, and

PQR neurons.

(G) Aerotaxis of gcy-35; qals2241 mutants.

(H) Aerotaxis of gcy-35 mutants in which SDQ, ALN, and PLN were rescued with a

lad-2::gcy-35 transgene.

In D-H, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the first distribution in the panel, unless otherwise noted. n > 3 assays per genotype, 80

100 animals/assay. Error bars are standard error of the mean (SEM). Aerotaxis assays in

all figures follow a standard color code: red and blue colors are used for mutants, green

-->:-

ºº -

-
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is used for transgenic rescue strains, and gray is used for results repeated from an earlier

figure.

(I) The hyperoxia avoidance index is defined as [(fraction of animals in 7-14% O2) -

(fraction of animals in 14-21% O2)] / (fraction of animals in 7-2.1% O2).

In I, asterisks denote values different from N2 controls at p < 0.01 by Dunnett test.

Cross, value different from the gey-35 control at p < 0.05 by Bonferroni t test with N2

and gcy-35 controls. Error bars denote SEM.

(J) Hyperoxia avoidance is promoted by two sets of sGC-expressing neurons: (1) some or

all of URX, PQR, and PQR and (2) some or all of SDQ, ALN, and PLN.
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Figure 2-2. Multiple TRPV-expressing neurons contribute to hyperoxia avoidance.

(A) Aerotaxis of TRPV single mutants. The median preferred oxygen concentration of

ocr-2 mutants was significantly higher than N2 (p → 0.05 by Dunnett test).

(B) Aerotaxis of osm–9 mutants in which ASH, PHA, and PHB were rescued with an

osm–10::osm-9 transgene (Zhang et al., 2004). Animals rescued for ASH function were

preselected for avoidance of high osmolarity, an ASH behavior (see Methods).

(C) Aerotaxis of osm–9 mutants in which ADF was rescued by expression from a

cat-1::osm-9 transgene (Zhang et al., 2004).

(D) Aerotaxis of tºph-1 mutants.

(E) Aerotaxis of toh-1 mutants rescued in ADF neurons using a srh-142::tph-1::g■ p

transgene (Zhang et al., 2005).

(F) Aerotaxis of tºph-1 mutants rescued in NSM neurons using a ceh-2::tph-1::g■ p

transgene (Zhang et al., 2005).

(G) Aerotaxis of TRPV: qals2241 double mutants.

(H) Aerotaxis of tºph-1; qals2241 double mutants.

For A-H, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the first distribution in the panel, unless otherwise noted. n > 3 assays per genotype, 80

100 animals/assay. Error bars denote SEM.

(I) Hyperoxia avoidance index as defined in Figure 2-1. Asterisks, values different from

N2 controls at p < 0.01 by Dunnett test. Single crosses, values different from the osm-9

or toh-1 control at p < 0.05 by Bonferroni t test with N2 and mutant controls. Double

crosses, values different from qals2241 controls at p < 0.01 by Dunnett test. NS, not

significant. Error bars denote SEM.
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(J) ASH and ADF sensory neurons promote hyperoxia avoidance through the activity of

TRPV channels osm-9 and ocr-2. Serotonin production in ADF by tPh-1, which is

regulated by TRPV channels, also drives this behavior.
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Figure 2-3. Hyperoxia avoidance of npr-1 mutants requires sGC and TRPV activity,
->

but not serotonin. C

(A) Aerotaxis of npr-1 mutants. S.
(B) Aerotaxis of npr-1; qals2241 strain.

sº
(C) Aerotaxis of gcy-35; npr-1 double mutants. º

(D) Aerotaxis of osm–9: npr-1 double mutants.

(E) Aerotaxis of ocr-2: npr-1 double mutants.

(F) Aerotaxis of tºph-1, npr-1 double mutants.

For A–F, asterisks denote distributions different by Chi-square analysis at p < 0.01 from
- -

º

the first distribution in the panel. n > 3 assays per genotype, 80-100 animals/assay. Error - *

º c
bars denote SEM. For B-E, all double mutants are significantly different from npr-1

-

º º

controls, but not significantly different from animals carrying the other mutation (p < C

0.01 by Chi-square analysis of the complete distribution). -
º º

º,

(G) Hyperoxia avoidance index as defined in Figure 2-1. Asterisks and double asterisks, º º

values different from npr-1 controls at p < 0.05 and p < 0.01, respectively, by Dunnett º 'S
test. Error bars denote SEM. º
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Figure 2-4. sGC and ocr-2 TRPV mutations restore food regulation of hyperoxia

avoidance to npr-1.

(A-J) In all panels, dotted lines indicate aerotaxis in the presence of a small amount of

bacterial food.

(A) Aerotaxis of wild-type N2 animals.

(B) Aerotaxis of npr-1 mutants.

(C) Aerotaxis of qals2241 strain (URX, AQR, PQR killed).

(D) Aerotaxis of npr-1 qals2241 strain.

(E) Aerotaxis of gcy-35 mutants.

(F) Aerotaxis of gcy-35; npr-1 double mutants.

(G) Aerotaxis of osm–9 mutants.

(H) Aerotaxis of osm–9: npr-1 double mutants.

(I) Aerotaxis of ocr-2 mutants.

(J) Aerotaxis of ocr-2: npr-1 double mutants.

For A-J, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the same genotype without food. n > 3 assays per genotype and condition, 80-100

animals/assay. Error bars denote SEM.

(K) Hyperoxia avoidance index as defined in Figure 2-1. Asterisks denote values

significantly different from the same genotype without food at p < 0.05 by ttest. Error

bars denote SEM. Double crosses indicate that ocr-2 mutants are significantly regulated

by food using Chi-square analysis of the entire distribution (p < 0.01), and that ocr-2;

npr-1 on food is significantly different from ocr-2; npr-1 off food and npr-1 on food (p <

0.01 by Chi-square analysis) and not significantly different from ocr-2 mutants on food.
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Figure 2–5. Levels of serotonin in ADF neurons affect food regulation of hyperoxia

avoidance.

(A-E) In all panels, dotted lines indicate aerotaxis in the presence of a small amount of

bacterial food.

(A) Aerotaxis of wild-type N2 animals.

(B) Aerotaxis of tºph-1 mutants.

(C) Aerotaxis of toh-1; npr-1 double mutants.

(D) Aerotaxis of typh-1 animals rescued in ADF with a srh-142::tph-1::g■ p transgene

(Zhang et al., 2005).

(E) Aerotaxis of wild-type animals expressing tPh-1 in ADF from a srh-142::tph-1::g■ p

transgene.

For A-E, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the same genotype without food. n > 3 assays per genotype and condition, 80-100

animals/assay. Error bars denote SEM.

(F) Hyperoxia avoidance index as defined in Figure 2-1. Asterisks, values significantly

different from the same genotype without food at p < 0.05 by ttest. Crosses, values

significantly different from N2 on food at p < 0.01 by Dunnett test. NS, not significant.

Error bars denote SEM.
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Figure 2-6. TGF-■ signaling mediates food suppression of hyperoxia avoidance.

(A-E, H, I) In all panels, dotted lines indicate aerotaxis in the presence of a small amount

of bacterial food.

(A) Aerotaxis of wild-type N2 animals.

(B) Aerotaxis of daf-7 mutants.

(C) Aerotaxis of daf-3 mutants.

(D) Aerotaxis of daf-7; daf-3 double mutants.

(E) Aerotaxis of daf-3 npr-1 double mutants.

(F, G) daf-7::GFP expression in ASI was reduced in a tax-4 mutant. Anterior is to the

left.

(H) Aerotaxis of tax-4; ky/s242 animals, which bear a transgene that rescues tax-4 in

URX, AQR, and PQR, but not in ASI or other neurons.

(I) Aerotaxis of tºph-1; daf-3 double mutants.

For A-E, H, and I, asterisks denote distributions different by Chi-square analysis at

p < 0.01 from the same genotype without food. n > 3 assays per genotype and condition,

80-100 animals/assay. Error bars denote SEM.

(J) Hyperoxia avoidance index as defined in Figure 2-1. Asterisks, values significantly

different from the same genotype without food at p < 0.05 by ttest. In the absence of

food, no strain is different from N2 controls by Dunnett test. In the presence of food,

daf-7, daf-3 mpr-1, and toh-1; daf-3 are different from N2 at p < 0.01 and tax-4; ky■ s&42

different from N2 at p < 0.05 by Dunnett test. Error bars denote SEM.
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Figure 2-7. Serotonin production in ADF neurons is regulated by TGF-■ º signaling.

(A, B) toh-1::GFP expression in wild-type (A) and daf-7 (B) adults. Anterior is to the

left. Two NSM neurons and two ADF neurons are visible in each animal.

(C) Quantitation of toh-1::GFP fluorescence in ADF neurons. Asterisks, values different

from N2 controls at p < 0.01 by Dunnett test, daf-7 mutants were different from N2,

daf-3, and daf-7 daf-3 at p < 0.05 by Bonferroni t test. n > 18 animals per genotype.

Error bars denote SEM.

(D) Model for food regulation of aerotaxis, combining genetic results from Figure 2-6

with molecular results from this Figure.
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Figure 2–8. A distributed network of oxygen-sensing neurons.

(A) Aerotaxis-promoting neurons. In the absence of food, parallel networks of sensory

neurons generate hyperoxia avoidance. Triangles denote sensory neurons; hexagons

denote interneurons. URX, AQR, and PQR, and SDQ, ALN, and BDU neurons

(abbreviated as “SDQ’’ for simplicity) express sGCs; these neurons are likely oxygen

sensors. ASH and ADF neurons express the TRPV channels osm-9 and ocr-2; they

might be modulatory neurons, or might respond to oxygen directly. ADF promotes

aerotaxis by producing serotonin. Our genetic results suggest that robust aerotaxis

requires at least one class of sGC neuron and at least one class of TRPV neuron.

Synaptic connections to the AUA interneurons and AVA backward command neurons -

are shown; additional synapses are omitted (White et al., 1986). º

(B) Aerotaxis-suppressing pathways. In the presence of food, the aerotaxis neurons are

inhibited by the TGF-■ homolog DAF-7 and the neuropeptide receptor NPR-1. Food and

tax-4 activity in ASI neurons stimulate the synthesis of DAF-7, which acts through

DAF-3 to inhibit serotonin production in ADF and suppress aerotaxis. Increased or º

unregulated serotonin expression in ADF allows aerotaxis in the presence of food. Food
-

9
inhibition may involve additional food-sensing pathways in ADF (perhaps via osm-9 and

ocr-2) or serotonin signaling from other food-sensing neurons (such as NSM). NPR-1 is

expressed in URX, AQR, PQR, ASH, SDQ, and AUA neurons (Coates and de Bono,

2002) and could inhibit their function in a food-dependent or food-independent fashion.

Many of the signaling pathways and neurons described here have the potential to regulate

each others’ activity. tph-1 mutants have decreased daf-7 expression (Sze et al., 2000),

and daf-7 affects gene expression in the ASH neurons (Nolan et al., 2002). A food
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related change in serotonin levels affects nociceptive signaling in ASH (Chao et al.,

2004). The NPR-1 ligand FLP-21 is expressed by ASH and ADL (Rogers et al., 2003).

The regulatory relationships in Figure 2-8B are supported by the genetics, molecular

biology, and behavioral assays in this paper, but these relationships could be reconfigured

under different conditions.
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Figure 2-9. Second and third principal components of aerotaxis data (PC2, PC3).

(A) Assays with the highest (blue) and lowest (red) values for the second principal

component (PC2), out of 36 sets of assays examined. Wild-type N2 animals off food are

included for comparison (black, thick lines).

(B) Assays with the highest (blue) and lowest (red) values for the third principal

component (PC3), out of 36 sets of assays examined. Wild-type N2 animals off food are

included for comparison (black, thick lines).
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Figure 2-10S. Additional aerotaxis experiments off food.

(A) Aerotaxis of gcy-33; gey-31 and gcy-35, gey-33, gey-31 mutants.

(B) Aerotaxis of gcy-35; gcy-33; gey-31 qals2241 mutants.

(C) Aerotaxis of osm–9 ocr-2 mutants.

(D) Aerotaxis of osm-9 ocr-2: npr-1 mutants.

(E) Aerotaxis of flp-21 (ok889) and flp-21 (pk1601) mutants.

(F) Aerotaxis of daf-7; qals2241 mutants.

For A–F, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the first distribution in the panel. n > 3 assays per genotype, 80-100 animals/assay. Error

bars denote SEM.

(G) Hyperoxia avoidance index as defined in Figure 2-1. None of these strains are

significantly different from N2 controls by ANOVA (p = 0.193). Error bars denote SEM.
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Figure 2-11S. Additional aerotaxis experiments off and on food.

(A-E) In all panels, dotted lines indicate aerotaxis in the presence of a small amount of

bacterial food.

(A) Aerotaxis of osm-9 ocr-2 mutants.

(B) Aerotaxis of osm–9 ocr-2: npr-1 mutants.

(C) Aerotaxis of flip-21 (ok889) mutants.

(D) Aerotaxis of flp-21 (pk1601) mutants.

(E) Aerotaxis of daf-7: qals2241 mutants.

For A-E, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the same genotype without food, n > 3 assays per genotype, 80-100 animals/assay. Error

bars denote SEM.

(F) Hyperoxia avoidance index as defined in Figure 2-1. Asterisks, values significantly

different from the same genotype without food at p < 0.05 by ttest. Error bars denote

SEM.
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Chapter 3:

Regulation of the Circuit for Oxygen Preference by the HIF-1 Pathway
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Introduction

Oxygen is an important molecule for the life of most organisms. Aerobic

organisms require oxygen for metabolism while obligate anaerobic organisms need to

avoid oxygen to survive. Animals living in Soil and water environments, where oxygen

levels are highly variable, are likely to have mechanisms to detect oxygen in their

external environment to find optimal oxygen concentrations for their survival and growth

(Sylvia et al., 1998; Wannamaker and Rice, 2000; Wu, 2002). For terrestial animals

living on the surface, external oxygen levels are rarely limiting, but internal oxygen

homeostasis is critical to deliver oxygen to tissues as needed (Hermes-Lima and Zenteno

Savin, 2002).

Many proteins can potentially act as oxygen sensors, as any enzymatic activity

that is sensitive to oxidation state can be affected by changes in oxygen levels. Oxygen

sensors that couple oxygen binding to enzymatic activity have been identified in bacteria

and invertebrates. In bacteria, FixL in Bradyrhizobium japonicum and DOS in

Escherichia coli bind oxygen through heme domains to regulate kinase and

phosphodiestrase activities, respectively (Delgado-Nixon et al., 2000; Gilles-Gonzalez et

al., 1991). In invertebrate animals, soluble guanylate cyclase homologs (sGCs) are

implicated in oxygen sensing. Although canonical sGCs are regulated by nitric oxide

binding to heme domains (Cary et al., 2006), Drosophila melanogaster has three atypical

neuronally-expressed sGCs, Gyc-88E, Gyc-89Da, and Gyc-89Db, that can be activated

by hypoxia when expressed in heterologous COS7 cells (Langlais et al., 2004; Morton,

2004; Morton et al., 2005). In C. elegans, the sGC GCY-35 binds oxygen through its
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heme domain and promotes avoidance of hyperoxia (>14%) (Gray et al., 2004). Two

additional sGCs, GCY-36 and GCY-34, are also implicated in hyperoxia avoidance

(Chang et al., 2006; Cheung et al., 2005).

In mammals, the proposed oxygen sensors include NADPH oxidase,

mitochondrial complexes, AMP kinase, and hemoxygenase-2 (Kemp, 2006). These

enzymes use oxygen directly as a substrate or catalyze oxygen-dependent chemical

reactions. Acute sensing of oxygen in the bloodstream is mediated by the carotid body

(CB), which generates a hyperventilatory response and strong arousal in response to

hypoxia (Lopez-Barneo, 2003). Recently, hemoxygenase-2 (HO-2) activity was

proposed to signal hypoxia through inhibition of calcium-sensitive potassium (BK)

channels in the CB (Williams et al., 2004). However, while HO-2 null mice have

oxygen-related developmental and gene expression phenotypes in the CB, they show the

same CB hypoxia sensitivity as control littermates. Furthermore, pharmacological

blockage of BK channels does not abolish hypoxia sensitivity in the CB from mouse and

rat, challenging the role of HO-2 activity and BK channels in acute hypoxia sensing

(Ortega-Saenz et al., 2006). Thus, the acute oxygen sensor in the carotid body remains

elusive.

The best described oxygen-sensing mechanism in metazoa is the hypoxia

inducible factor-1 (HIF-1) pathway, a transcriptional pathway for oxygen homeostasis

(Kaelin, 2005). In mammals, HIF-1 signaling regulates diverse cellular and systemic

Processes from vascular biology and erythropoiesis to metabolism and cell

Survival/proliferation. The HIF-1 transcription factor is a heteromeric dimer of HIF-10.

and HIF-1B subunits; HIF-1■ is constitutively expressed while HIF-1a expression and
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activity are dependent on oxygen concentration (Semenza, 2001). In normoxia, HIF-10.

is constitutively modified by prolyl hydroxylase-2 (PHD-2), which uses oxygen as a co

substrate in the hydroxylation reaction (Berra et al., 2003). Prolyl hydroxylation allows

HIF-10 to be recognized by the von Hippel-Lindau tumor suppressor protein (VHL),

which forms an E3 ubiquitin ligase complex that targets HIF-10 for degradation via the

ubiquitin-proteosome system. In hypoxic conditions, PHD-2 activity is reduced, and

HIF-1C, is not modified and degraded, allowing the HIF-1 transcription factor to act on its

targets (Semenza, 2001).

The major components of the HIF-1 pathway have been identified in C. elegans:

the genes encoding homologs of PHD-2, VHL, and HIF-10 are named egl-9, whl-1, and

hift /, respectively (Epstein et al., 2001; Jiang et al., 2001). While HIF-1 knockout mice

die embryonically, C. elegans hi■ -1 mutants are completely viable in normal culture

conditions, where environmental oxygen levels vary from 12–21% (Gray et al., 2004;

Jiang et al., 2001). C. elegans’s metabolic rates do not begin to slow until environmental

Oxygen drops below 4%; at 1% oxygen, metabolic rates are at half of normal levels (Van

Voorhies and Ward, 2000). At 1% oxygen, almost all wild-type N2 animals develop

from embryo to fertile adults, but two-thirds of hi■ -1 mutants do not survive

embryogenesis (Jiang et al., 2001). As with other animals, C. elegans HIF-1 protein

levels are low in normoxia and induced in hypoxia. At 1% and 0.1% oxygen, HIF-1

levels are Strongly induced within 4–8 hours, but disappear rapidly within minutes upon

"99% ygenation (Epstein et al., 2001; Jiang et al., 2001). Mutants in egl–9 and whl-1 show

Constitutive upregulation of HIF-1 protein in normoxic and hyperoxic conditions (Epstein

°t al., 2001). Genome-wide microarray studies of egl-9, whl-1, and hi■ -1 mutants grown
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at normoxia and hypoxia show highly overlapping sets of oxygen-dependent

transcriptional targets, supporting the idea that these genes function in the same pathway

(Bishop et al., 2004; Shen et al., 2005). The existence of other targets regulated by

oxygen, but not by egl-9, whl-1, and hi■ -1, suggests that the HIF-1 pathway is not the only

mechanism for oxygen homeostasis in C. elegans.

Strong evidence supports the role of HIF-1 signaling in oxygen-dependent

development and physiology. Can the HIF-1 pathway also regulate oxygen-dependent

behaviors? A circuit for oxygen preference in C. elegans was proposed in Chapter 2 and

Chang et al., 2006. In this chapter, I will describe the role of the HIF-1 pathway in

regulating hyperoxia avoidance behavior. Upregulation of HIF-1 signaling by loss of

egl-9 activity alters oxygen preference and food regulation of hyperoxia avoidance. In

egl–9 mutants, the circuit for oxygen preference changes from a flexible, distributed

network to a more fixed configuration utilizing fewer sensory components. I will also

present evidence for interactions between HIF-1 signaling and sensory experience in

hyperoxia avoidance.

Results

Upregulation of the HIF-1 pathway alters oxygen preference and sensory

requirements for hyperoxia avoidance.

To investigate the role of the HIF-1 oxygen-sensing pathway in aerotaxis, I tested

mutants defective for HIF-1 signaling in linear gradient assays. Wild-type N2 animals

have undetectable levels of HIF-1 protein in normoxic conditions and maximal levels of
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HIF-1 protein at low oxygen (<1%) (Epstein et al., 2001; Jiang et al., 2001). Mut.

egl–9, an oxygen sensor that negatively regulates HIF-1 stability, have higher leve

HIF-1 protein in both normoxic and hypoxic conditions (Epstein et al., 2001). Fo

purposes of this study, normal culture conditions are considered to be in normoxia

(Brenner, 1974). In a linear gradient from anoxia to atmospheric oxygen (0-2.1%)

mutants preferred slightly, but significantly, lower oxygen concentrations than wi

animals (Chang et al., 2006; Gray et al., 2004) (Fig. 3-1A and Table 3-3). This ch

was dependent on hi■ -1 activity, as both hi■ -1 and egl-9 hi■ -1 mutants preferred the

oxygen range as N2 animals (Fig. 3-1B). To examine the lower oxygen range mo

carefully, I tested these animals in 0-10% oxygen gradients, egl–9 mutants accum

in lower oxygen than N2, hi■ -1, and egl–9 hi■ -1 animals in 0-10% oxygen gradient

well as 0-21% gradients (Fig. 3-1C, D) (see also Chapter 4). These results sugges

egl-9 acts through hi■ -1 to shift animals’ preference to lower oxygen.

To account for the shift in preferred oxygen levels of egl–9 mutants, a mod

hyperoxia avoidance index is used in this chapter that differs from the hyperoxia

avoidance index used in Chapter 2. In Chapter 3, the hyperoxia avoidance index

compares the average of the fractions of animals in the hyperoxia area (bins 1-3, 2

O2) to the average of the fractions in the preferred area (bins 4–7, 5-14% O2). A

hyperoxia avoidance index of 1.0 represents complete avoidance of hyperoxia, 0.0

represents no preference, and -1.0 represents a complete preference for hyperoxia.

Throughout this chapter, the term “aerotaxis” refers to the complete distribution o

animals (Fig. 3-1A, Table 3-1), and the phrase “hyperoxia avoidance” refers speci

to the hyperoxia avoidance index (Fig. 3-1K)
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A circuit for hyperoxia avoidance in wild-type N2 and mutant npr-1 (lf) animals

was proposed in Chapter 2 and Chang et al., 2006. To investigate how upregulation of

the hi■ -1 pathway may affect this circuit, I constructed and tested various combination

mutants in the egl–9 mutant background. The combination mutants were selected by a

candidate approach based on the known effects of various mutations on N2 and npr-1 (lf)

aerotaxis.

Hyperoxia avoidance of wild-type N2 animals depends on the cyclic nucleotide

gated-channel tax-4 and the soluble guanylate cyclase homologs gey-36, goy-35, and gcy

34 in URX, AQR, and PQR neurons (Chang et al., 2006; Gray et al., 2004). In egl–9

mutants, gey-36 significantly suppressed hyperoxia avoidance while gcy-35 had only a

weak effect (Fig. 3-1E, F, K). gey-34; egl-9 double mutants were not tested.

Interestingly, killing URX, AQR, and PQR using the qals2241 transgene strongly

suppressed hyperoxia avoidance in egl–9 mutants (Fig. 1G, 1K); this transgene did not

diminish hyperoxia avoidance of N2 and npr-1 (lf) animals (Chang et al., 2006).

Two sets of sGC-expressing neurons (URX, AQR, and PQR and SDQ, ALN, and

PLN) cooperate with TRPV channel-expressing neurons ASH and ADF to promote

hyperoxia avoidance in wild-type N2 animals. Single mutants in the TRPV channels

osm-9 and ocr-2 exhibited strong defects in hyperoxia avoidance (Chang et al., 2006).

Combining egl–9 with single mutations in osm-9 or ocr-2 or both osm-9 and ocr-2 had no

effect on egl-9 hyperoxia avoidance (Fig. 3-1H-K). Taken together, these results show

that egl–9 mutants require the activity of URX, AQR, and PQR and not that of TRPV

channel-expressing neurons for hyperoxia avoidance, in contrast with the distributed

circuit of wild-type N2 animals.

---

ºw.

91



.



Hyperoxia avoidance of egl–9 mutants requires serotonin in multiple neurons.

In C. elegans, the tryptophan hydroxylase enzyme encoded by the ph-1 gene is

required for serotonin biosynthesis (Sze et al., 2000). Five classes of C. elegans neurons

express toh-1 and synthesize serotonin. Serotonin signaling from ADF neurons is

important in modulating hyperoxia avoidance of wild-type N2 animals (Chang et al.,

2006). Like N2 animals, egl–9 mutants required toh-1 for hyperoxia avoidance (Chang et

al., 2006) (Fig. 3-2A, E). However, unlike tph-1 single mutants, tph-1; egl–9 double

mutants were not rescued by transgenic expression of toh-1 in ADF neurons alone (Fig.

3-2B, E). Transgenic expression of tºph-1 in only the NSM neurons resulted in weak,

statistically insignificant improvements in aerotaxis (Fig. 3-2C, E), whereas expression in

both NSM and ADF neurons together resulted in strong rescue of the tºph-1; egl–9 defect

(Fig. 3-2D, E). These results differ from rescue results in the N2 background; using the

same transgenes, expression of toh-1 in ADF, but not NSM, neurons was sufficient to _* º

restore hyperoxia avoidance to tºph-1 mutants (Chang et al., 2006).

tph-1 is the rate-limiting enzyme for serotonin biosynthesis (Sze et al., 2000), and º

its expression levels can provide insight into cells that are producing high or low amounts º

of serotonin. Expression of a tph-1::GFP transcriptional reporter in egl-9, hi■ -1, and egl

9 hi■ -1 mutants was comparable to expression in wild-type animals (Fig. 3-2F).

However, ADF toh-1::GFP expression was strongly reduced in osm-9; egl-9, ocr-2; egl

9, and osm–9 ocr-2; egl–9 mutants (Fig. 3-2F), matching the role of TRPV channels in

upregulating ADF toh-1::GFP expression in the N2 background (Zhang et al., 2004).

Because TRPV::egl–9 mutants showed strong hyperoxia avoidance (Fig. 3-1H-K), these

expression results suggest that high levels of serotonin in ADF neurons are not required
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for hyperoxia avoidance of egl–9 mutants. NSM ph-1::GFP expression were normal i

these mutant backgrounds (data not shown).

The tºph-1 rescue and expression experiments suggest that serotonin from NSM

neurons is required for hyperoxia avoidance of egl–9 mutants, although NSM serotonin

not important in wild-type. The NSM neurons are the major neuronal source of serotor

in C. elegans and exhibit very strong toh-1::GFP expression and serotonin

immunoreactivity (Sze et al., 2000; Zhang et al., 2004; Zhang et al., 2005). The limited

rescue of hyperoxia avoidance of tºph-1; egl–9 mutants by tºph-1 expression in NSM

neurons may reflect a specific benefit to at least some expression in ADF as well as

NSM. Alternatively, the NSM and ADF enhancement could result from an increase in

total serotonin levels in the animal. NSM neurons are able to take up serotonin from

other neuronal sources (Sze et al., 2002; Zhang et al., 2005); expression of tºph-1 in bot

NSM and ADF neurons may allow NSM neurons in tºph-1; egl–9 mutants to take up

serotonin produced by ADF and reach high serotonin levels that promote strong

hyperoxia avoidance.

egl–9 mutants avoid hyperoxia in the presence of food.

In the presence of bacterial food, wild-type N2 animals have diminished

hyperoxia avoidance (Fig. 3-3A, K), whereas mutants in the neuropeptide receptor npr.

and the TGF-■ homolog daf-7 continue to avoid hyperoxia strongly (Chang et al., 2006

Gray et al., 2004). Like npr-1 and daf-7 mutants, egl–9 mutants exhibited strong

hyperoxia avoidance in the absence and presence of a bacterial lawn (Fig. 3-3B, K).

Food regulation was restored by a mutation in hi■ -1 (Fig. 3-3C, D, K), suggesting that t
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egl–9/hif-1 transcriptional pathway regulates targets that affect food regulation of

hyperoxia avoidance.

The unregulated hyperoxia avoidance in npr-1 and daf-7 mutants correlated to

two other behaviors: aggregation into feeding groups that lower local oxygen and

accumulation at the edge of a bacterial lawn, where oxygen concentrations are reduced

(Chang et al., 2006; de Bono and Bargmann, 1998; Gray et al., 2004; Thomas et al.,

1993). egl–9 mutants accumulated at the lawn border, but did not aggregate as strongly

as npr-1 or daf-7 (Darby et al., 1999) (data not shown). The bordering behavior of egl–9

mutants was dependent on hi■ -1 (data not shown).

In npr-1 mutants, reduction of either soluble guanylate cyclase or ocr-2 TRPV

activity restores food regulation to hyperoxia avoidance (Chang et al., 2006). In egl–9

mutants, reduction of soluble guanylate cyclase activity in URX, AQR, and PQR neurons

by mutations in gGy-36 or gcy-35 did not restore food regulation of hyperoxia avoidance

(Fig. 3-3E-G, K). Similarly, mutations in the TRPV channels osm-9 and ocr-2 were

unable to restore food regulation to hyperoxia avoidance in an egl-9 background (Fig. 3

3H-K). These results suggest that egl–9 mutants have a fundamentally different

mechanism for decreased food regulation than npr-1 mutants.

The HIF-1 pathway acts in parallel to the NPR-1 and DAF-7 pathways for food

regulation of hyperoxia avoidance.

To determine the relationship between NPR-1, DAF-7, and HIF-1 pathways in

modulation of hyperoxia avoidance, I tested various double mutants between components

from different pathways. A mutation in hi■ -1, which strongly suppressed hyperoxia

º-->
-
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avoidance of egl–9 mutants on food (Fig. 3-3D, K), did not suppress hyperoxia avoidance

of npr-1 mutants on food (Fig. 3-4D, I). These results suggest that egl–9 and npr-1 use

different mechanism to confer food regulation on hyperoxia avoidance, daf-7; hi■ -1

double mutants were not tested for aerotaxis because very few animals developed to

adult. Most of these double mutants arrested in an alternate larval stage called the dauer

(data not shown).

Like EGL-9, DAF-7 is an inhibitor of a transcription factor, the SMAD DAF-3.

In daf-7 mutants, food regulation of hyperoxia avoidance can be restored by a mutation in

daf-3 (Chang et al., 2006), but daf-3 failed to suppress egl-9 hyperoxia avoidance on food

(Fig. 3-4F, I). These results suggest that the egl–9/hif-1 and daf-7/daf-3 transcriptional

pathways work in parallel to regulate hyperoxia avoidance, and not in a sequential

cascade.

Transcriptional reporters can be used to ask how pathways interact at a molecular

level. daf-7 activity inhibits toh-1 expression in ADF, an interaction that defines at least

one transcriptional target for food regulation of hyperoxia avoidance (Chang et al., 2006).

ADF toh-1::g■ p expression was not significantly affected in egl–9 mutants (Fig. 3-2F),

confirming that the transcriptional targets of egl-9/hif-1 and daf-7/daf-3 differ. In

addition, wild-type N2 animals grown at 1% oxygen for 3 days before adult or 6 hours as

adults, conditions which should stimulate hi■ -1 activity, did not exhibit any change in

ADF toh-1::g■ p expression (data not shown).

I also asked whether the egl–9/hif-1 and daf-7/daf-3 pathways regulate each other.

egl–9 mutants had half as much daf-7::g■ p as wild-type N2 animals in ASI neurons (t test,

p < 0.001), suggesting a regulatory relationship between these two systems. However,

ºo
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egl–9 did not act through the daf-7 pathway for food regulation of hyperoxia avoidance,

since it was not suppressed by daf-3 (see above). This result indicates that the two

pathways do interact, but that this is not their main output.

I also examined aerotaxis daf-7; egl–9 and egl–9; npr-1 double mutants. These

double mutant exhibited strong hyperoxia avoidance that was not regulated by food, like

the single mutants (Chang et al., 2006) (Fig. 3-4B, C, E, I).

Other than hi■ -1, only one genetic background restored food regulation to egl–9

mutants. toh-1; egl–9: NSM-HADF::tph-1 strain rescued for hyperoxia avoidance off food

(Fig. 3-2C, D) showed strong regulation by food (Fig. 3-4H, I), which was not seen either

in toh-1 alone (Chang et al., 2006) or in egl–9 alone (Fig. 3-4B, I). This result suggests

that a particular configuration of serotonin expression can uncover a food regulation

pathway that persists in egl–9 mutants. One explanation for this result is that this

transgenic strain had different serotonin levels in NSM and ADF than egl–9 and that

absolute levels of serotonin have a specific effect. An alternate possibility is that other

cellular sources of serotonin are recruited for egl–9 hyperoxia avoidance on food.

Site of egl-9 action for food regulation of hyperoxia avoidance.

As an important regulator of cellular physiology, hi■ -1 is expressed in virtually all

cells in C. elegans (Jiang et al., 2001). Similarly, egl–9 is broadly expressed in

pharyngeal muscle, body wall muscle, vulval hypodermis, gonadal distal tip cells, and

sensory neurons and interneurons of the head and tail (Darby et al., 1999). I attempted to

restore food regulation to egl–9 mutants by transgenic expression of an egl-9 cDNA in

subsets of cells. Expression of egl–9 from an endogenous promoter was able to restore
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some degree of food regulation of hyperoxia avoidance to egl–9 mutants (Fig. 3-5A-D,

However, expression of egl–9 in most neurons from the H20 promoter or in serotonerg

cells (NSM ADF, HSN, gut) from the tph-1 promoter did not rescue food regulation (F

3-5E, F, I). Neither did expression of egl–9 in body wall muscle from the myo-3

promoter nor in pharyngeal muscle from the myo-2 promoter (Fig. 3-5G-I).

Because I have not performed an exhaustive set of rescue experiments in all cel

expressing egl-9, I may not have rescued egl–9 in the relevant cell(s) yet. Some future

rescue experiments should include rescue in URX, AQR, and PQR neurons, pharyngea

neurons, and gut. Alternatively, rescue in multiple cell types may be required to restor

food regulation. Finally, perhaps the egl-9 cDNA I am using for these experiments is 1

effective for rescue than other shorter isoforms of egl-9.

Behavioral role of the HIF-1 pathway in response to hypoxia treatment.

Because hif-1 activity is normally only induced in hypoxia, egl–9 mutants with

constitutively high hi■ –1 activity can be considered to be animals that are adapted to

hypoxia even when they are in normoxia. Conversely, hi■ -1 mutants are adapted to

normoxia even when they are in hypoxia. Animals living in hypoxia may be behaviora

as well as physiologically adapted for a low oxygen environment. This can be one

explanation for the lower oxygen preference of egl–9 mutants.

To test this possibility, I asked whether growth in hypoxia caused any behavior

changes similar to those caused by egl-9. npr-1 mutants have been reported to shift the

oxygen preference to lower oxygen if they are grown at 1% oxygen for 24 hours; N2

animals do not show this altered preference (Cheung et al., 2005) (data not shown).
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Because HIF-1 protein levels are induced when animals are grown in hypoxia for >4

hours (Epstein et al., 2001; Jiang et al., 2001), I tested whether the HIF-1 pathway was

involved in the behavioral shift in npr-1 mutants. When npr-1 mutants were grown at 1%

for 6 hours, their peak preference shifted from 10% to 6% oxygen (Fig. 3-6A and Table

3-3). A similar shift was observed for hi■ -1, npr-1 double mutants (Fig. 3-6B-D and

Table 3–3), suggesting that an increase in hi■ –1 activity during hypoxia was not necessary

for the change in preference of npr-1 mutants.

Although N2 animals grown in low oxygen did not shift preference to hypoxia

like npr-1, they did show altered oxygen response. In N2, this change caused a loss of

food regulation rather than the hypoxic shift seen in npr-1. When adult N2 animals were

grown in 1% oxygen for 6 hours, they exhibited hyperoxia avoidance on food (Fig. 3-6E,

G). Like the hypoxic shift in npr-1 mutants, this response to low oxygen did not require

hif-1 (Fig. 3-6E, G). However, a role for hi■ –1 in behavioral adaptation to hypoxia was

uncovered when animals were grown at 1% oxygen during larval stages. Wild-type N2

animals grown in 1% oxygen for 2 days before adult showed strong hyperoxia avoidance

on food (Fig. 3-6F, G). hi■ -1 mutants did not show strong oxygen preference on food

with the same treatment (Fig. 3-6F, G). These results suggest that hi■ -1 signaling impacts

on oxygen-sensing behavioral pathways when animals develop in hypoxia, but only when

animals are exposed to hypoxia before adult. Animals transferred to hypoxia as adults

may have alternative, hi■ -1-independent pathways to sense hypoxic stress and promote

hyperoxia avoidance on food. To test if these effects are due to a requirement for hi■ -1

activity during a critical period before adult or duration of hypoxia treatment, animals
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should be transferred to hypoxia as adults for 2 days and tested for hyperoxia avoidance

on food.

Physiological responses to hypoxia.

One question about the relevance of studying aerotaxis in 0-2.1% oxygen is

whether any known physiological changes occur in this range of oxygen concentrations.

In C. elegans, FOXO signaling through the DAF-16 transcription factor is important for

regulating lifespan (Lin et al., 2001) and increased survival during oxidative stress in

some long-lived mutants (Honda and Honda, 1999). One target of DAF-16 that is

induced in oxidative stress is superoxide dismutase-3 (sod–3), an enzyme that rapidly

converts cell-damaging reactive oxygen species to hydrogen peroxide (Honda and

Honda, 1999). Because reactive oxygen species are produced during respiration, sod-3

expression may be regulated by oxygen levels. sod-3::g■ p expression in the pharynx was

reduced by 40% when animals were grown at 1% oxygen for 2 days before adult instead

of at normoxia (t test, p < 0.001). These results show that a physiological change linked

to oxygen metabolism does occur in the 0-2.1% oxygen range. Regulation of sod-3

expression by hypoxia is likely to be dependent on daf-16 FOXO signaling, and not on

the hif-1 pathway, because sod-3 is already a known transcriptional target of daf-16

(Honda and Honda, 1999), and a change in sod-3::g■ p expression was not observed

between egl–9 mutants with high hi■ -1 activity and wild-type animals (t test, p > 0.05).

Nevertheless, sod-3::g■ p expression should be also be examined for daf-16 and hi■ -1

mutants grown in hypoxia to confirm this hypothesis.
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Discussion

In wild-type N2 animals, a flexible, distributed circuit is used to generate oxygen

preference (Chang et al., 2006). Upregulation of the hi■ -1 pathway in egl–9 mutants

changes the oxygen preference of animals and alters the circuit for hyperoxia avoidance.

URX, AQR, and PQR become crucial for hyperoxia avoidance in egl-9, but they are

dispensable in wild-type. Conversely, TRPV channel-expressing neurons are required for

hyperoxia avoidance in a wild-type background, but not in an egl–9 mutant. Serotonin is

important for hyperoxia avoidance in both contexts, but in egl–9 the NSM neurons rather

than ADF neurons appear to be the primary source of serotonin. These sensory

requirements reveal an altered circuit for hyperoxia avoidance in egl–9 mutants, involving

fewer neurons and less redundancy (Fig. 3-7).

From the wiring diagram of synaptic connections in C. elegans, the oxygen

sensing, sGC-expressing neurons converge on AVA, a command interneuron for

generating backward locomotion. The NSM neurons in the pharynx receives inputs from

other pharyngeal neurons and form en passant connections to the ventral nerve cord

(White et al., 1986). NSM does not form anatomical synapses with other neurons in the

circuit in Figure 3-7, but serotonin can probably act at a distance as a neuromodulator

from extra-synaptic sites. In this way, it may affect the activity of the neurons described

in Figure 3-7 or other cells that have not yet been implicated in hyperoxia avoidance.

Because serotonin signaling is often associated with behaviors modulated by well-fed and

starved states (Chao et al., 2004; Horvitz et al., 1982; Nuttley et al., 2002; Sawin et al.,

•o
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2000; Zhang et al., 2005), NSM may sense food intake in the pharynx to modulate

hyperoxia avoidance.

Where and how the hi■ -1 pathway acts to inhibit hyperoxia avoidance on food

remains to be determined. Further rescue experiments for the egl–9 food regulation

defect are necessary to address these questions. My experiments indicate that egl–9 can

regulate at least one other gene in the pathway, daf-7, although that is not its primary

target based on genetic epistasis interactions. One interesting additional result is that egl

9 mutants have enhanced expression of flp-21::g■ p in PQR neurons (data not shown)

compared to wild-type animals. flp-21 encodes a neuropeptide ligand for the NPR-1

receptor (Rogers et al., 2003). To understand if this change in flp-21 expression could

affect food regulation will require further investigations into the specific role of PQR in

aerotaxis.

daf-7/TGF-■ signaling is regulated by environmental factors such as food

availability and population density as assessed through a pheromone; unfavorable

conditions such as starvation and high pheromone levels inhibit daf-7 expression (Ren et

al., 1996; Schackwitz et al., 1996). Because daf-7 mutants avoid hyperoxia on food, loss

of food regulation of hyperoxia avoidance may reflect behavior of animals in unfavorable

conditions (Chang et al., 2006). egl–9 mutants, which perceive themselves to be under

hypoxia even when they are not, may also uncouple food from hyperoxia avoidance as

part of a stress pathway.
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Materials and Methods

Strains

Strains were cultured under standard conditions (Brenner, 1974) and fed E. coli

HB 101. Wild-type animals were C. elegans Bristol strain N2. Other strains used in this

work include: JT307 egl–9 (sax07) V, ZG31 hi■ -1 (ia 4) V, CX6571 egl–9 (sax07) hi■ -1

(ia4) V, CX7103 egl–9 (saj07) V; qals2241 X, CX7466 egl–9 (sa;07) V; gcy-36 (dbó6)

X, CX6745 gey-35 (ok 769) I; egl–9 (sa;07) V, CX7033 osm-9 (ky10) IV; egl–9 (sax07)

V, CX7034 ocr-2 (ak+7) IV; egl-9 (sax07) V, CX7035 osm-9 (ky10) ocr-2 (aka 7) IV;

egl–9 (sax07) V, CX8220 tph-1 (mg280) II; egl–9 (sa;07) V, CX8221 ph-1 (mg280) II;

egl–9 (sa?07) V; kyEx953 /srh-142::tph-1::g■ p, unc-122::g■ p/, CX8429 ph-1 (mg280) II;

egl–9 (sa;07) V, kyEx1087 ■ ceh-2::tph-1::g■ p, unc-122::g■ p/, CX8428 ph-1 (mg280) II;

egl–9 (sax07) V, kyEx848 ■ srh-142::tph-1::g■ p, ceh-2::ph-1::g■ p, unc-122::g■ p/, yzls 71

4 ■ tph-1::g■ p, rol-6 (su 1006)/ I, CX8556 y2Is 71–4 I; egl-9 (sa;07) V, CX8557 y2Is 71–4 I;

hi■ -1 (ia4) V, CX8550 y2Is 71–4 I; egl–9 (sax07) hi■ -1 (ia4) V, CX8725 yz■ s 71–4 I; osm-9

(ky10)) IV; egl–9 (sa;07) V, CX8755 y21s 71–4 I; ocr-2 (ak+7) IV; egl–9 (sa:07) V,

CX8590 y2Is 71–4 I; osm-9 (ky10) ocr-2 (ak+7) IV; egl-9 (sa;07) V, CX8131 egl–9

(sax07) V: npr-1 (ad609) X, CX8306 hi■ -1 (ia4) V: npr-1 (adó09) X, CX8029 daf-7

(e1372) III; egl–9 (sax07) V, CX8014 egl–9 (sax07) V; daf-3 (e1376) X, DR1808 mlso

■ daf-7::g■ p, rol-6 (sul O06)/ X, CX7395 egl-9 (sa;07) V, mlsó X, CX7285 egl–9 (sa;07)

V; yn■ s80/flp-21::g■ p/, CF1553 mu■ s&4/sod-3::g■ p/, CX8754 egl–9 (sa:07) V; mu■ s84,

CX8757 egl–9 (sax07) V; kyEx1518 ■ egl–9::egl–9::g■ p/Line #1, CX8756 egl–9 (sa:07)

V; kyEx1593 ■ egl–9::egl–9::g■ p/ Line #2, CX8628 egl–9 (sax07) V, kyEx1525/H20::egl

º
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9::g■ p/, CX8632 egl–9 (sa;07) V, kyEx1529 ■ tph-1::egl–9::g■ p/, CX8630 egl–9 (sas■ )7)

V; kyEx1527/myo-3::egl–9::g■ p/, CX8792 egl–9 (sa?07) V, kyEx1616/myo-2::egl

9::g■ p/. In all cases, null alleles or strong loss-of-function alleles were used.

Molecular Biology

egl–9 rescuing plasmids were constructed by PCR amplification of promoters and

insertion into Fsel to AscI in an expression vector containing egl–9 cDNA (F22E12.4a) in

pSM, a modified pPD49.26 with extra cloning sites, and g■ p following a SL2 trans

splicing sequence for co-expression from the same promoter. The promoter fragments

for egl-9, tph-1, myo-3, and myo-2 respectively contain 4.6, 3.1, 2.4, and 1.2 kb of

sequence upstream of the start codons of these genes. The H20 promoter is a 2.7 kb

genomic DNA fragment that drives expression in most neurons.

Behavioral Assays

Aerotaxis assays were performed by placing animals on nematode growth

medium (NGM) agar in custom-made microfluidic devices fabricated from

polydimethylsiloxane with a gas-phase linear gradient from 0–21% and 0-10% oxygen,

and monitoring animals’ accumulation in nine bins across the gradient (Gray et al., 2004).

Gradients were generated by delivering gases under laminar flow to source and drain

chambers immediately outside the behavioral arena, using a syringe pump; diffusion of

the gases established the gradient in the small assay chamber. For 0–21% gradients,

100% nitrogen gas and air were used; for 0-10% gradients, 100% nitrogen and 10%

oxygen/90% nitrogen gases were used. Gases were obtained from Airgas (Radnor,
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Pennsylvania), Matheson (Montgomeryville, Pennsylvania), and TW Smith (Brooklyn,

New York). Animals were prepared for assays as described (Chang et al., 2006). For

assays on food, thin bacterial lawns of E. coli HB 101 were made by seeding NGM plates

for overnight growth at 37°C and returning plates to room temperature for at least 1 hour

before assay.

Results from two devices were binned for one assay (~80-100 animals per assay).

At least three independent assays on three different days for each genotype were used to

generate results in the Figures. Data presented represent distributions 25 minutes from

start of the assay.

For experiments growing animals at 1% oxygen, ambient oxygen concentrations

were controlled by a gas-tight hypoxic chamber (Coy Laboratory Products, Grass Lake,

Michigan) in which culture plates were placed. At various stages of development,

animals were transferred from culture plates at normal growth conditions to new culture

plates that had been equilibrated in 1% oxygen for at least 24 hours. Animals were

assayed immediately upon removal from the hypoxic chamber.

Statistical Analysis

Statistical analysis of aerotaxis was conducted in multiple steps. The nine

individual points in the aerotaxis assay are not independent – accumulation of animals in

one bin necessarily affects all other bins – so they cannot be analyzed individually. A

first test to assess the overall distribution of animals in the aerotaxis assay was a

comparison of experimental strains or conditions to controls by Chi-square analysis (nine

bins per aerotaxis assay x 2 strains = 8 degrees of freedom). Chi-square analysis takes

º
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into account the non-Gaussian nature of the aerotaxis distributions as well as the total

number of animals tested. It is overly conservative, because it combines all animals

tested into a single contingency table and does not take into account the fact that each

assay was repeated multiple times. Therefore, assays that are not statistically different by

this criterion may actually be different. With this issue in mind, we have emphasized

positive findings in this chapter. For controls such as N2 or egl–9 that were compared to

multiple mutants, p < 0.01 was used as the level of significance for the Chi-square test.

Most results described in this chapter were significant at p < 0.001 (Table 3-2). In the

text, any stated differences in a secondary measure, such as hyperoxia avoidance index or

median preferred oxygen concentration, had also passed this first test using Chi-square

analysis of the entire distribution (p < 0.01).

The hyperoxia avoidance index used in this chapter differs from that used in

Chapter 2 to account for the shift in oxygen preference of egl–9 mutants to lower oxygen
-
º

(5-14%). In Chapter 3, the hyperoxia avoidance index is defined as [average(fraction of

animals in 5-14% O2) - average(fraction of animals in 14-21% O2)] / [average(fraction of
--

*animals in 5-14% O2) + average(fraction of animals in 14-21% O2)]. This standard

performance index varies from -1.0 (all animals in hyperoxic regions) to +1.0 (all º
animals in normoxic regions) with 0 representing no preference between normoxia and

hyperoxia. Each strain or condition was tested in at least 3 assays with ~80-100 animals

each, and the mean hyperoxia avoidance index across all assays was used to test

significance. t tests were used to compare the hyperoxia avoidance indices between two

distributions. Analysis of variance (ANOVA) plus Bonferroni t tests or Dunnett tests

were used for multiple comparisons of hyperoxia avoidance indices or median preferred
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oxygen concentrations between strains and conditions (Statview, Cary, North Carolina).

For controls such as N2 or egl–9 that were compared to multiple mutants, p < 0.01 was

usually used as the level of significance.
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Table 3-1. Distributions of different genotypes and conditions in aerotaxis assays in a
0-21% oxygen gradient.

Bins are equally spaced along the gradient as depicted in Figure 2-1A. Values are the fractions of animals in each bin.
n, number of assays. Each assay represents 80-100 animals.
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Table 3-2 (p. 1). Chi-square comparisons.
n, total number of animals tested for a given genotype and condition.

* P × 0.01
** P × 0.001
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Table 3-2 (p. 2). Chi-square comparisons.
n, total number of animals tested for a given genotype and condition. * P × 0.01

** P × 0.001
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Table 3-3. Median preferred oxygen concentrations in a 0-21% oxygen gradient.
n, number of assays. Each assay represents 80-100 animals.
p values are from Dunnett test against either N2 or eg|-9 control at the same food condition.
Blue indicates values less than control. Yellow indicates values greater than control.
SEM is standard error of the mean.

Median Preferred
Genotype Oxygen Concentration SEM vs. N2 vs. eg|-9

.1
11

-1
-1 1%. 6 hrs

hif-1; npr-1 1%. 6 hrs

hif-1 1% 6 hrs

hif-1 1%. 2
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Figure 3-1. Upregulation of the HIF-1 pathway alters oxygen preference and

sensory requirements for hyperoxia avoidance.

(A) Aerotaxis of wild-type N2 animals and egl–9 mutants in a 0–21% oxygen gradient.

The preferred oxygen range for egl–9 mutants is shifted to lower oxygen (5-14%) vs.

wild-type N2 animals (7-14%).

(B) Aerotaxis of egl–9, hi■ -1, and egl–9 hi■ -1 mutants in a 0-2.1% oxygen gradient.

(C) Aerotaxis of wild-type N2 animals and egl–9 mutants in a 0-10% oxygen gradient.

(D) Aerotaxis of egl–9, hi■ -1, and egl–9 hi■ -1 mutants in a 0-10% oxygen gradient.

(E) Aerotaxis of egl–9; qals2241 strain a 0-2.1% oxygen gradient. qals2241 carries a

transgene that kills the URX, AQR, and PQR neurons (Chang et al., 2006).

(F) Aerotaxis of egl-9, goy-36 mutants in a 0-2.1% oxygen gradient.

(G) Aerotaxis of gcy-35; egl–9 mutants in a 0–21% oxygen gradient.

(H) Aerotaxis of osm-9; egl–9 mutants in a 0-2.1% oxygen gradient.

(I) Aerotaxis of ocr-2: egl–9 mutants in a 0-2.1% oxygen gradient.

(J) Aerotaxis of osm-9 ocr-2; egl–9 mutants in a 0-2.1% oxygen gradient.

In B-J, asterisks denote distributions different by Chi-square analysis at p < 0.01 from the

first distribution in the panel, unless otherwise noted. n > 3 assays per genotype, 80-100

animals/assay. Error bars are standard error of the mean (SEM).

(K) The hyperoxia avoidance index is defined as [average(fraction of animals in 5-14%

O2) - average(fraction of animals in 14-21% O2)] / [average(fraction of animals in 5-14%

O2) + average(fraction of animals in 14–21% O2)].

In K, asterisks denote values different from egl–9 controls at p < 0.01 by Dunnett test.

Error bars denote SEM.
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Figure 3–2. Hyperoxia avoidance of egl–9 mutants requires serotonin in multiple

neurOnS.

(A) Aerotaxis of tºph-1; egl–9 double mutants

(B) Aerotaxis of tºph-1; egl–9 mutants rescued for typh-1 in ADF neurons using a

srh-142::tph-1::g■ p transgene (Zhang et al., 2005).

(C) Aerotaxis of tºph-1; egl–9 mutants rescued for toh-1 in NSM neurons using a

ceh-2::tph-1::g■ p transgene (Zhang et al., 2005).

(D) Aerotaxis of tºph-1; egl–9 mutants rescued for toh-1 in NSM and ADF neurons using

a transgenic array with both ceh-2::tph-1::g■ p and srh-142::tph-1::g■ p (Zhang et al.,

2005).

For A-D, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the first distribution in the panel, unless otherwise noted. NS, not significant. n > 3

assays per genotype, 80-100 animals/assay. Error bars denote SEM.

(E) Hyperoxia avoidance index as defined in Figure 3-1K. Asterisks, values different

from egl–9 controls at p < 0.01 by Dunnett test. Single cross, value different from toh-1;

egl–9 at p < 0.05 by Bonferroni t test with egl–9 and typh-1; egl-9. Error bars denote

SEM.

(F) Quantitation of tºph-1::GFP fluorescence in ADF neurons. Asterisks, values different

from egl–9 controls at p < 0.01 by Dunnett test, n > 15 animals per genotype. Error bars

denote SEM.
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Figure 3-3. egl–9 mutants avoid hyperoxia in the presence of food.

(A-J) In all panels, dotted lines indicate aerotaxis in the presence of a small amount of

bacterial food.

(A) Aerotaxis of wild-type N2 animals.

(B) Aerotaxis of egl–9 mutants.

(C) Aerotaxis of hi■ -1 mutants.

(D) Aerotaxis of egl–9 hi■ –1 double mutants.

(E) Aerotaxis of egl–9; qals2241 strain. qals2241 carries a transgene that kills the URX,

AQR, and PQR neurons (Chang et al., 2006).

(F) Aerotaxis of egl-9; gcy-36 double mutants.

(G) Aerotaxis of gcy-35; egl–9 double mutants.

(H) Aerotaxis of osm-9; egl–9 double mutants.

(I) Aerotaxis of ocr-2; egl–9 double mutants.

(J) Aerotaxis of osm–9 ocr-2; egl–9 triple mutants.

For A-J, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the same genotype without food. n > 3 assays per genotype and condition, 80-100

animals/assay. Error bars denote SEM.

(K) Hyperoxia avoidance index as defined in Figure 3-1K. Asterisks denote values

significantly different from the same genotype without food at p < 0.05 by ttest. ocr-2;

egl–9 mutants did show a significantly difference in hyperoxia avoidance indices off and

on food by ttest (p < 0.05), but the distributions of these animals off and on food were

not significant by Chi-square analysis (p > 0.05) (Table 3-2). Error bars denote SEM.
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Figure 3-4. The HIF-1 pathway acts in parallel to the NPR-1 and DAF-7 pathways

for food regulation of hyperoxia avoidance.

(A-H) In all panels, dotted lines indicate aerotaxis in the presence of a small amount of

bacterial food.

(A) Aerotaxis of wild-type N2 animals.

(B) Aerotaxis of egl–9 mutants.

(C) Aerotaxis of egl–9: npr-1 double mutants.

(D) Aerotaxis of hi■ -1, npr-1 double mutants.

(E) Aerotaxis of daf-7; egl-9 double mutants.

(F) Aerotaxis of egl-9; daf-3 double mutants.

(G) Aerotaxis of tºph-1; egl-9 double mutants.

(H) Aerotaxis of tºph-1; egl–9 mutants rescued for toh-1 in NSM and ADF neurons using

a transgenic array with both ceh-2::tph-1::g■ p and srh-142::tph-1::g■ p (Zhang et al.,

2005).

For A-H, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the same genotype without food. n > 3 assays per genotype and condition, 80-100

animals/assay. Error bars denote SEM.

(I) Hyperoxia avoidance index as defined in Figure 3-1K. Asterisks, values significantly

different from the same genotype without food at p < 0.05 by ttest. Error bars denote

SEM.
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Figure 3-5. Cell-specific rescue of food regulation defect in egl–9 mutants.

(A-H) In all panels, dotted lines indicate aerotaxis in the presence of a small amount of

bacterial food.

(A) Aerotaxis of wild-type N2 animals.

(B) Aerotaxis of egl–9 mutants.

(C) Aerotaxis of egl–9 mutants rescued in egl-9-expressing cells using an

egl–9::egl–9::g■ p transgene. Line #1.

(D) Aerotaxis of egl–9 mutants rescued in egl-9-expressing cells using an

egl–9::egl–9::g■ p transgene. Line #2.

(E) Aerotaxis of egl–9 mutants rescued in most neurons using an H20::egl–9::g■ p

transgene.

(F) Aerotaxis of egl–9 mutants rescued in NSM, ADF, and HSN neurons and gut using a

tph-1::egl–9::g■ p transgene.

(G) Aerotaxis of egl–9 mutants rescued in body wall muscle using a myo-3::egl–9::g■ p

transgene.

(H) Aerotaxis of egl–9 mutants rescued in pharyngeal muscle using a myo-2::egl–9::g■ p

transgene.

For A-H, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the same genotype without food. n > 3 assays per genotype and condition, 80-100

animals/assay. Error bars denote SEM.

(I) Hyperoxia avoidance index as defined in Figure 3-1K. Asterisks, values significantly

different from the same genotype without food at p < 0.05 by ttest. Error bars denote

SEM.
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Figure 3-6. NPR-1 and HIF-1 pathways modulate different aspects of hyperoxia

avoidance.

(A) Aerotaxis of npr-1 mutants grown in normal culture conditions and 1% oxygen for 6

hours as adults.

(B) Aerotaxis of hi■ -1, npr-1 double mutants grown in normal culture conditions and 1%

oxygen for 6 hours as adults.

(C) Aerotaxis of npr-1 and hif-1: npr-1 mutants grown in normal culture conditions.

(D) Aerotaxis of npr-1 and hi■ -1, npr-1 mutants grown in 1% oxygen for 6 hours as

adults.

(E) Aerotaxis on food of wild-type N2 and hi■ -1 mutants grown in 1% oxygen for 6 hours

as adults.

(F) Aerotaxis on food of wild-type N2 and hi■ -1 mutants grown in 1% oxygen for 2 days

before adult.

For A–F, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the first distribution in the panel, unless otherwise noted. n > 3 assays per genotype, 80

100 animals/assay. Error bars denote SEM.

(G) Hyperoxia avoidance index as defined in Figure 3-1K. Asterisks, values different

from N2 or hi■ -1 on food in normal culture conditions at p < 0.01 by Dunnett test. By t

test, hi■ -1 grown at 1% for 2 days was significantly different from N2 grown at 1% for 2

days (p = 0.001), but hi■ -1 grown at 1% for 6 hours was not different from N2 grown at

1% for 6 hours (p = 0.084). Error bars denote SEM.
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Figure 3-7. An altered circuit for oxygen preference in egl–9 mutants.

In the absence of food, a network of sensory neurons generates hyperoxia avoidance in

egl–9 mutants. Triangles denote sensory neurons; hexagons denote interneurons. URX,

AQR, and PQR, and SDQ, ALN, and BDU neurons (abbreviated as “SDQ" for

simplicity) express sGCs; these neurons are likely oxygen sensors. Unlike N2 and npr-1

animals, egl–9 mutants require the activity of URX, AQR, and PQR, and not TRPV

channel-expressing neurons (ASH and ADF), for hyperoxia avoidance. In egl–9 mutants,

NSM instead of ADF neurons promote hyperoxia avoidance by producing serotonin.

Synaptic connections to the AUA interneurons and AVA backward command neurons

are shown; additional synapses are omitted. The NSM neurons receives inputs from

multiple pharyngeal neurons and form en passant connections to the ventral nerve cord,

but do not connect to other neurons in this circuit via chemical synapses (White et al.,

1986). The larger, distributed network of neurons observed in N2 and npr-1 animals for

hyperoxia avoidance is reduced to a smaller, fixed network in egl–9 mutants.
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Chapter 4:

Hypoxia avoidance and feeding behavior

131





Introduction

For aerobic organisms, oxygen is critical for life. This is mainly due to the role of

oxygen in the energy-producing process of cellular respiration, in which oxygen is the

final electron acceptor in a series of chemical reactions that generate adenosine

triphosphate (ATP) from organic molecules. The chemical energy in ATP is then used

for all kinds of work inside the cell.

Hypoxia presents a challenging condition for aerobic organisms, yet many

organisms can adapt to acute and chronic hypoxia. As mentioned in Chapter 3, the

carotid body is an acute hypoxia-sensing cluster of cells in mammals (Lopez-Barneo,

2003), and the HIF-1 pathway is a highly conserved transcriptional pathway for oxygen

homeostasis in response to hypoxia (Kaelin, 2005). While the term hypoxia refers

generally to a shortage of environmental oxygen, ischemia refers specifically to the

inadequate supply of oxygen to an organ, which can be caused by hypoxia as well as

problems in the circulatory system. Organs such as the heart, brain, and kidneys are

particularly sensitive to changes in oxygen supply. In the brain, ischemia caused by

stroke or head injury leads to the ischemic cascade, a complex set of processes triggered

by a drop in ATP levels that ultimately lead to excitotoxicity and cell death. These

damaging effects can continue for days after ischemia (Fisher and Schaebitz, 2000). The

return of oxygen supply after ischemia can lead to even more damage in a process called

reperfusion injury that is partly caused by an inflammatory response (Rock and Yao,

2002). Interestingly, local ischemia in the brain can have effects different from anoxia

throughout the entire body. Experiments in dogs and pigs show that these animals can be
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resuscitated after prolonged exsanguination, or removal of blood, with minimal impact on

brain function (Alam et al., 2002; Safar et al., 2000), in contrast with the toxicity of

ischemia.

The effects of hypoxia and anoxia on physiology have been studied in the

experimental animal Caenorhabditis elegans. In hypoxia (1% oxygen), the hi■ -1

signaling pathway is required for normal reproductive growth of C. elegans (Jiang et al.,

2001). In anoxia, the survival of larvae and adults decreases significantly after 72 hours,

but embryos can survive longer by entering suspended animation, during which all

microscopically observable movement ceases (Padilla et al., 2002). Suspended animation

in anoxia is also observed in fruit fly, brine shrimp, killifish, and zebrafish embryos

(Clegg, 1997; Foe and Alberts, 1985; Padilla and Roth, 2001; Podrabsky and Hand,

1999). Anoxic C. elegans embryos arrest in all phases of the cell cycle, except for

anaphase, and resume cell cycle progression when oxygen levels increase again. Cell

cycle arrest and survival in anoxia require spindle checkpoint components called san-1

and mdf-2. While san-1 and mdf-2 are required for survival in anoxia, they are not

required for survival in hypoxia (Nystul et al., 2003); conversely, hi■ -1 is required for

survival in hypoxia, but not required for survival in anoxia (Padilla et al., 2002). These

results suggest that physiological adaptation to hypoxia and anoxia utilize distinct

pathways.

Most animals living in aqueous environments avoid regions of hypoxia and

anoxia, probably by modifying their behavior to find preferred oxygen concentrations

(Wannamaker and Rice, 2000; Wu, 2002). In this chapter, I examine avoidance

responses of C. elegans to hypoxia in a simple oxygen gradient assay as well as in a
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complex feeding assay where bacterial food is presented in hypoxic conditions. My

studies uncover two signaling pathways required for hypoxia avoidance: sensory

signaling through the TAX-4/TAX-2 cyclic nucleotide-gated channel and hypoxia

sensing through the canonical HIF-1 pathway.

Results

Hypoxia avoidance requires the TAX-4 cyclic nucleotide-gated channel in a subset

of sensory neurons.

In a 0–21% oxygen gradient, the distribution of wild-type N2 animals suggests

that C. elegans avoids both hyperoxia and hypoxia to accumulate at 7-14% oxygen

(Chang et al., 2006; Gray et al., 2004). Studies that focused on hyperoxia avoidance were

described in Chapters 2 and 3. To study hypoxia avoidance, I tested various candidate

mutants in a 0-10% oxygen gradient using the same microfluidic device that has been

described (Gray et al., 2004). In a 0-10% oxygen gradient, wild-type N2 accumulated at

4.4-9% oxygen, with a peak at 7% oxygen (Fig. 4-1). Because the fraction of animals/bin

drops below random non-preference of any oxygen concentration (1.0/9 bins = 0.11/bin)

at 4.4% oxygen (bin 6), I will consider 0-4.4% oxygen (bins 6-9) as the hypoxic range for

these assays. In this chapter, “aerotaxis” will refer to distributions of animals, analyzed

by Chi-square analysis (Tables 4-1 and 4-2), and “hypoxia avoidance” will refer to the

fraction of animals in hypoxia (bins 6-9, 0-4.4% O2).

Hyperoxia avoidance of wild-type N2 animals depends on the cyclic nucleotide

gated-channel tax-4 and the soluble guanylate cyclase homologs (sGCs).gcy-36, goy-35,
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and gcy-34 in URX, AQR, and PQR neurons (Chang et al., 2006; Gray et al., 2004). I

first tested if these sensory components were also used for hypoxia avoidance. Five

sGCs, gey-32, gey-34, gey-35, gey-36, and gcy-37, are co-expressed in the URX, AQR,

and PQR sensory neurons; gey-35 is also expressed in additional neurons (Gray et al.,

2004). Available mutants of these sGCs did not have any defect in hypoxia avoidance

(Fig. 4-1A, B, I); gey-37 could not be tested because no mutant was available. The two

remaining sGCs in C. elegans are gey-31 and gcy-33, which are co-expressed in the BAG

neurons ((Yu et al., 1997); J. Gray, personal communication), gey-33; gey-31 double

mutants were proficient in hypoxia avoidance (Fig. 4-1C, I). These results suggest that

these SGCs are not individually required for hypoxia avoidance, although redundant

functions are possible.

Mutants in the com/P-gated channel TAX-4 were strongly defective for hypoxia

avoidance compared to N2 animals (Fig. 4-1D, I). This hypoxia avoidance defect was

not rescued by tax-4 expression in URX, AQR, and PQR neurons using the gey-32

promoter (Fig. 4-1E, I), a transgene that can rescue the hyperoxia avoidance defect of

tax-4 mutants (Gray et al., 2004). Besides URX, AQR, and PQR, tax-4 is expressed in

numerous other sensory neurons (Komatsu et al., 1996). Expression of tax-4 in sensory

neurons that express the receptor chaperone gene odr-4 rescued the tax-4 hypoxia

avoidance defect (Fig. 4-1F, I). tax-4 and odr-4 overlap in expression in AWB, AWC,

ASG, ASI, ASJ, and ASK head sensory neurons (Dwyer et al., 1998; Komatsu et al.,

1996). Chemotaxis towards benzaldehyde, a behavior mediated by TAX-4 signaling in

AWC neurons (Bargmann et al., 1993; Komatsu et al., 1996), was also rescued by this

tax-4; odr-4::tax-4 strain, and not by tax-4, gey-32::tax-4 strains (data not shown).
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These results suggest that tax-4 activity promotes hypoxia avoidance through odr-4-

expressing sensory neurons, a different set from those implicated in hyperoxia avoidance.

The residual hypoxia avoidance in tax-4 mutants further suggests that additional sensory

pathways also contribute to hypoxia sensation.

Mutants in the TRPV channels osm-9 and ocr-2 are defective for hyperoxia

avoidance (Chang et al., 2006). However, single mutants in these genes and the osm-9

ocr-2 double mutant were proficient in hypoxia avoidance (Fig. 4-1G-I), further

demonstrating that hypoxia avoidance may use a distinct circuit from hyperoxia

avoidance.

Hypoxia avoidance is regulated by the HIF-1 pathway.

The prolyl hydroxylase EGL-9 is an oxygen-sensitive enzyme whose activity is

inhibited by hypoxia (Epstein et al., 2001). In Chapter 3, I showed that mutants in egl-9,

which have constitutively high activity of the HIF-1 transcriptional pathway (Epstein et

al., 2001), prefer lower oxygen than wild-type N2 animals in 0-2.1% and 0-10% oxygen

gradients (Fig. 3-1). In a 0-10% oxygen gradient, more egl–9 mutants accumulated in

hypoxia than N2 animals, a defect that was suppressed by loss of hi■ –1 activity (Fig. 4

2A, B, E). Thus, under normal conditions, egl–9 inhibits hi■ -1 to promote hypoxia

avoidance.

Aerotaxis in tax-4 egl–9 double mutants was intermediate between tax-4 and egl

9 single mutants, (Fig. 4-2C, E), suggesting that these genes do not function in a simple

epistasis relationship. One possible explanation is that egl-9 affects both tax-4-dependent

and tax-4-independent hypoxia sensing neurons, gey-35; egl–9 double mutants resembled
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egl-9 single mutants (Fig. 4-2D, E); other sGCs were not examined in the egl-9

background.

Feeding patterns on bacterial lawns are modified by hypoxic conditions.

In its natural soil environment, C. elegans may encounter situations where

bacterial food is present in only in hypoxic conditions, due to high metabolism of bacteria

in soil particles and the slow rate of oxygen diffusion in non-turbulent environments. To

simulate this condition, we developed a simple assay we call the “agar plug assay,” in

which bacterial food is presented in a hypoxic context (Fig. 4-3A). In this assay, four E.

coli bacterial lawns were grown overnight on NGM agar plates. The next day, two lawns

were covered by NGM agar plugs, so that the lawns were sandwiched between two

pieces of agar. Animals were transferred to the middle of the assay plate, and their

distribution among the four lawns was scored shortly thereafter.

In chemotaxis assays, wild-type N2 animals are strongly attracted to E. coli

lawns. In the agar plug assay, most N2 animals found both uncovered and covered lawn

within 1 hour. Wild-type N2 animals distributed throughout bacterial lawns to feed,

slightly favoring the edge of the lawn (de Bono and Bargmann, 1998; Gray et al., 2004)

(data not shown). However, they avoided entering covered lawns: instead, they fed from

the edge of these lawns, constantly moving around the lawn in a circular pattern. If no

bacteria were present, animals moved freely under agar plugs (data not shown). Thus, it

was the presence of bacteria in covered lawns that repelled N2 animals.

Was avoidance behavior in covered lawns due to hypoxia or other repellents

produced by bacteria? An hour after application of the agar plug, the edge and center of

137



---------
----->º

-
-----

-tººr
º -

ºº

-º–

C ºf - -

-->
–



covered lawns corresponded to 4% and 3% oxygen, respectively (Fig. 4-3C), confirming

that we had generated a hypoxic state at the edge of the lawn. These oxygen

concentrations were much lower than those reported for the edge and center of uncovered

bacterial lawns, which were 17% and 12%, respectively (Gray et al., 2004). Covered

lawns had a linear oxygen gradient from 21% at the edge of the plug to 2-3% in the

center of covered lawns (data not shown). Linear chemical gradients are generated by a

constant source and sink, suggesting the diffusion of oxygen through aqueous agar is

slow and that the bacterial lawn is a constant consumer of oxygen.

E. coli consumes oxygen during respiration; to slow down this metabolic process,

I irradiated bacterial lawns with shortwave ultraviolet light (UV) and tested animals’

response to the covered, irradiated lawns. UV light induces DNA damage, and UV

treatment for 3 minutes was sufficient to prevent E. coli cells from subsequent growth

when streaked out on LB agar (data not shown). However, these bactera were still

metabolically active, as measured by their ability to consume oxygen. Oxygen

concentrations in covered, irradiated lawns and the behavior of C. elegans towards the

lawns varied in a dose-dependent manner from 3–9 minutes UV irradiation. Increasing

the duration of UV treatment increased the concentration of oxygen at the edge and

center of covered lawns (Fig. 4-3C), presumably by damaging E. coli cells severely

enough to decrease rates of respiration. Correspondingly, more N2 animals accumulated

in the center of covered lawns at higher oxygen (Fig. 4-3B). Thus, hypoxia is likely to be

an important repulsive cue generated by covered lawns. I suggest that the agar plug assay

represents a complex environment where attraction to bacterial food is countered by

repulsion from hypoxia and possibly other chemical repellents generated by bacterial
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metabolism. I will call this avoidance behavior in the agar plug assay “hypoxic lawn

avoidance.”

I tested a variety of mutants to see what mechanisms were important for hypoxic

lawn avoidance. Mechanosensation did not appear to be important for hypoxic lawn

avoidance, because mec mutants defective in body touch sensation did not show any

alteration in the behavior (Chalfie and Sulston, 1981) (Table 4-3).

If the head or tail of an animal ever entered the covered lawn, the animals would

immediately reverse or move forward as appropriate to exit the lawn. This behavior

could arise from sensory integration by head and tail neurons. Several sensory neurons

descended from Q cells are dispersed along the length of the animal. In larval

development, one Q cell migrates to the anterior and the other to the posterior part of the

animal; these cells then divide and differentiate into various cells along the body axis.

mab-5 mutants defective in Q cell migration, and thus the distribution of sensory neurons

to the head or tail, were normal for hypoxic lawn avoidance (Harris et al., 1996) (Table 4

3). This result suggests that integration of signals between head and tail neurons derived

from the Q cells was not necessary for lawn avoidance.

The cyclic nucleotide-gated channel TAX-4/TAX-2 is required for avoidance of

covered lawns.

Because activity of the cyclic nucleotide-gated channel subunit TAX-4 was

required for hypoxia avoidance in a 0-10% oxygen gradient (Fig. 4-1A, I), I tested

mutants in subunits of the TAX-4/TAX-2 cyclic nucleotide-gated channel in the agar

plug assay. In C. elegans, the tax-4 and tax-2 genes encode o and B subunits of a cyclic
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nucleotide-gated channel (Coburn and Bargmann, 1996; Komatsu et al., 1996).

Functional cation channels sensitive to cyclic guanosine monophosphate (cGMP) are

formed by TAX-4 alone or TAX-4 and TAX-2 together, but not by TAX-2 alone

(Komatsu et al., 1999; Komatsu et al., 1996). tax-4 and tax-2 are co-expressed in many

sensory neurons, and mutants in tax-4 and tax-2 display defects in behaviors such as

chemotaxis and thermotaxis (Coburn and Bargmann, 1996; Komatsu et al., 1996). Two

point mutants in tax-4 affecting highly conserved residues of O. subunits, ks 11 and ks28,

were defective in avoiding covering lawns, but an early stop mutant in tax-4, p.678, was

normal for lawn avoidance (Komatsu et al., 1996) (Fig. 4-4). tax-2 (p694) mutants,

which may have reduced tax-2 expression in only the AQR, AFD, ASE, and BAG

neurons, were weakly defective for lawn avoidance while a strong behavioral mutant,

tax-2 (p691), was normal for lawn avoidance (Fig. 4-4). The tax-4 (p691); tax-4 (p678)

double mutant was strongly defective in avoiding covered lawns, in contrast to the

behavior of either single mutant (Fig. 4-4).

These results are consistent with a model in which TAX-4 and TAX-2 function

together to promote avoidance of covered lawns and hypoxia. Because these subunits

can form heteromeric TAX-4/TAX-2 channels as well as homomeric channels, assembly

of channels with a defective O. subunit, as in tax-4 (ks 11) and tax-4 (ks28) mutants, may

have a greater impact on sensory activity than channels lacking an O. subunit, as in tax-4

(p678) mutants. In the absence of the TAX-4 on subunit, there are three other O. subunits

that might associate with the TAX-2 [3 subunit to form functional heteromeric channels.

Two of these other O. subunits, cng-1 and cng-3, are expressed in subsets of sensory

neurons that express tax-2. Mutants for these genes do not have behavioral defects (Cho

140





et al., 2005; Cho et al., 2004), but double mutants between tax-4 (p678) and cng-1 or cng

3 could be tested for lawn avoidance to address the hypothesis that these crgs play a

hidden role in hypoxic lawn avoidance. The difference between tax-2 (p694) and tax-2

(p691) may result from complex effects of subsets of tax-2-expression neurons on

feeding behavior in covered lawns. Because tax-2 (p694) affects only four sets of

neurons, this mutation may affect only neurons that promote avoidance, while tax-2

(p691) may affect neurons that promote avoidance as well as those that mediate attraction

to the lawn. Alternatively, the specific nature of the pó91 and p(\94 mutations may be

important.

To identify further components of hypoxic lawn avoidance, other signaling

pathways in the C. elegans sensory system were tested in avoidance of covered lawns.

Some of these signaling pathways overlap with TAX-4/TAX-2 function. Of the sGC

expressing neurons, URX, AQR, PQR, and BAG express tax-4 and/or tax-2 (Coburn and

Bargmann, 1996; Komatsu et al., 1996), and tax-4 activity in URX, AQR, and PQR is

implicated in hyperoxia sensing (Gray et al., 2004). Single and combination mutants in

sGCs and a transgenic strain that killed URX, AQR, and PQR (qals2241) were all normal

(Table 4-3), suggesting that c(3MP signaling through TAX-4/TAX-2 channels act in cells

besides URX, AQR, PQR, and BAG to promote avoidance of covered lawns. These

results are consistent with the failure to rescue the tax-4 hypoxia avoidance defect in

URX, AQR, and PQR (Fig. 4-1A, B, I) and the normal hypoxia avoidance of double

mutants of gcy-33 and gcy-31, which are co-expressed in BAG (Fig. 4-1F, I).

tax-4 and tax-2 are also co-expressed in AWB and AWC neurons, which sense

volatile repellents and attractants, respectively (Bargmann et al., 1993; Coburn and
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Bargmann, 1996; Komatsu et al., 1996; Troemel et al., 1997). lim-4 mutants affecting

AWB cell fate and odr-1 mutants defective in com/P signaling in AWB and AWC were

both normal in hypoxic lawn avoidance (L’Etoile and Bargmann, 2000; Sagasti et al.,

1999) (Table 4-3). These results suggest that tax-4 and tax-2 may function in the

different neurons (AFD, ASE, ASI, ASJ, ASK) to promote avoidance of covered lawns.

Signaling pathways that do not use the TAX-4/TAX-2 channels were also

examined. Mutants in the TRPV channel subunits osm-9 and ocr-2 were proficient in

hypoxic lawn avoidance, and in fact probably avoided more strongly than wild-type

animals (Colbert et al., 1997; Tobin et al., 2002) (Table 4-3). Mutants in osm-6, which

have defective cilium structure in all ciliated neurons, were also normal in avoidance

(Collet et al., 1998) (Table 4-3). Thus, it is likely that oxygen sensation can occur in the

absence of intact cilia.

Surprisingly, mutants in odr-7, which have an AWA cell fate defect, have a

significant defect in hypoxic lawn avoidance (Sengupta et al., 1994) (Table 4-3). AWA

neurons are known to promote attraction to volatile chemicals, but not known to mediate

repulsive behaviors; it would be interesting if AWA can promote both attractive and

repulsive behaviors. Alternatively, odr-7 may affect another cell besides AWA for lawn

avoidance behavior.

Neuromodulatory pathways linked to food regulation of behavior were examined.

Even though npr-1 neuropeptide signaling mutants prefer lower oxygen than N2 animals

on food (Chang et al., 2006; Gray et al., 2004), they were normal for avoidance of

covered lawns (Table 4-3), suggesting that they do not have hypoxia avoidance defects.

npr-1 mutants bordered and aggregated in social groups on uncovered lawns, but they did
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not aggregate in social groups under agar plugs. Aggregation is suppressed at low

oxygen concentrations (Gray et al., 2004); oxygen concentrations under agar plugs may

be too low to induce aggregation behavior (data not shown).

Dopamine and serotonin signaling have been linked to food-regulated behaviors

(Chao et al., 2004; Horvitz et al., 1982; Nuttley et al., 2002; Sawin et al., 2000; Zhang et

al., 2005). Mutants that affect dopamine and serotonin signaling (cat-1, cat-2, and toh-1)

(Duerr et al., 1999; Lints and Emmons, 1999; Sze et al., 2000) did not show any defects

in hypoxic lawn avoidance (Table 4-3), suggesting that these modulatory pathways are

not required for this behavior.

Upregulation of the HIF-1 pathway decreases avoidance of covered lawns.

HIF-1 signaling promotes survival in hypoxia and regulates hypoxia avoidance

(Jiang et al., 2001) (Fig. 4-2). Mutants with constitutively high levels of HIF-1 protein,

such as egl-9 and vhl-1, may be better adapted for feeding in hypoxic conditions (Epstein

et al., 2001). Two mutants in egl-9, sa&07 and n.571, showed defects in avoiding covered

lawns (Fig. 4-5), consistent with the egl–9 hypoxia avoidance defect (Fig. 4-2). The

defect in egl–9 (sa;07) mutants was suppressed by a mutation in hi■ -1 (Fig. 4-5),

suggesting that egl-9 acts through hi■ -1 for its lawn avoidance phenotype.

Similarly, whl-1 mutants were defective for lawn avoidance in a hif-1 dependent

manner (Fig. 4-5). The vhl-1 lawn avoidance defect was attenuated in sensitized

conditions where lawns were treated with 3 minutes of UV irradiation (Fig. 4-5B). vhl-1

mutants had a weaker defect than egl-9 (sa:07) and egl-9 (n571) mutants (Fig. 4-5), even

though egl-9 and whl-1 mutants have similarly high levels of HIF-1 protein (Shen et al.,
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2006). egl–9 mutants have higher expression of hi■ -1-dependent transcriptional targets

than whl-1 mutants; thus, EGL-9 may affect both HIF-1 stability and activity to exert a

stronger effect on HIF-1 signaling than VHL-1 (Shen et al., 2006).

To examine the interaction between the tax-4/tax-2 and egl–9/hif-1 pathways, I

tested tax-4 (ks28), egl–9 (sa;07) double mutants in hypoxic lawn avoidance. The defect

of the double mutant was not enhanced compared to either single mutant (Fig. 4-5),

similar to the result from hypoxia avoidance (Fig. 4-1 and 4-2). With no UV treatment,

tax-4 (ks28); egl–9 (sa;07) double mutants resembled egl–9 (sa;07) single mutants rather

than tax-4 (ks28) single mutants, suggesting a complex interaction between these

pathways. With 3 minutes UV treatments, these mutants were indistinguishable. These

results suggest a complex interaction between the tax-4/tax-2 and egl–9/hif-1 pathways

under different conditions.

Interestingly, one mutant in egl-9, sa&30, was not defective in hypoxic lawn

avoidance (Fig. 4-5). For egl–9 mutants, the lawn avoidance defect correlated with

defects in bordering and egg-laying behavior on food: Saš07 and nj71 mutants bordered

strongly and were egg-laying defective while sa;30 mutants did not border and had

normal egg-laying behavior (Darby et al., 1999; Trent et al., 1983). Saš07 and nj71

mutants also have higher constitutive levels of HIF-1 protein than sa;30 mutants (Epstein

et al., 2001). This suggests that very high levels of HIF-1 protein may be required to

generate behavioral defects. The sa;30 mutation is an early stop codon, and sa;07 and

n571 mutations lie further downstream in the egl-9 sequence (Darby et al., 1999). There

are multiple isoforms of egl–9, two of which start downstream of the sa;30 stop codon

and may not be affected by the sa;30 mutation. Perhaps these shorter egl–9 isoforms are
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sufficiently produced and active in sa;30 mutants to regulate normal behavior.

Nevertheless, all three egl–9 mutants exhibit similar levels of resistance to fast-killing

toxins made by the pathogenic bacterium Pseudomonas aeruginosa (Darby et al., 1999),

suggesting that the N-terminus of EGL-9 may be required for some phenotypes and not

others.

Discussion

In this chapter, I used a simple oxygen gradient assay and a complex agar plug

assay to study hypoxia avoidance in C. elegans. Using a candidate approach, these

assays identified two pathways that promote hypoxia avoidance: sensory signaling

through the cyclic nucleotide-gated channel TAX-4/TAX-2 and hypoxia sensing through

the HIF-1 pathway. Unlike hyperoxia avoidance, hypoxia avoidance does not require the

activity of soluble guanylate homologs or URX, AQR, and PQR neurons. Instead,

hypoxia avoidance requires tax-4 activity in a subset of sensory neurons in the head, a set

of neurons in which no acute oxygen sensor has been identified to date.

EGL-9 is unlikely to be the direct oxygen sensor for rapid hypoxia avoidance

because EGL-9 acts through a transcription factor, HIF-1. Downregulation of EGL-9

activity by hypoxia results in accumulation of HIF-1 protein over hours, and HIF-1 acts

through transcriptional regulation (Epstein et al., 2001). Nevertheless, constitutive

upregulation of the HIF-1 pathway by mutations in egl–9 and whl-1 may set a different

Oxygen preference for animals by regulating downstream targets with oxygen-sensing

functions (Epstein et al., 2001). Because egl–9 and whl-1 mutants have high HIF-1 levels
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comparable to wild-type animals grown in hypoxia, they may be behaviorally adapted to

prefer lower oxygen and suppress hypoxia avoidance.

The agar plug assay is a complex configuration in which bacterial food generates

both attractive and repulsive cues to C. elegans. When lawns are presented under agar

plugs, C. elegans must balance its attraction to food with dangerously low oxygen

conditions in these lawns. Animals successfully solve this problem by feeding only from

the edge of covered lawns, thereby minimizing their exposure to low oxygen while

gaining sustenance.

Under agar plugs, animals adopt a locomotory strategy of maintaining a circular

path around covered lawns that resembles isothermal tracking in a radial temperature

gradient (Mori and Ohshima, 1995). How this deterministic behavior is maintained

would be interesting to elucidate, as other C. elegans behaviors, such as chemotaxis, can

be explained simply by a stochastic, biased random walk model (Pierce-Shimomura et

al., 1999). In addition, the rapid withdrawal of animals that enter a covered lawn

suggests that integration of signals between head and tail cells may be crucial for hypoxia

avoidance.
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Materials and Methods

Strains

Strains were cultured under standard conditions (Brenner, 1974) and fed E. coli

HB 101. Wild-type animals were C. elegans Bristol strain N2. Other strains used in this

work include: FK103 tax-4 (ks28) III, CX6743 tax-4 (ks28) III; kyEx745/gcy-32::tax

4::g■ p, unc-122::g■ p/, CX6752 tax-4 (ks28) III; kyEx748 ■ odr-4::tax-4::g■ p, unc

122::g■ p/, FK129 tax-4 (ks 11) III, PR678 tax-4 (p678) III, PR694 tax-2 (p694) I, PR691

tax-2 (p691) I, CX2989 tax-2 (p691) I; tax-4 (p678) III, AX1297 gey-36 (dbó6) X,

CX6448 gey-35 (ok 769) I, RB1062 gey-34 (ok 1012) V, CX6804 gey-32 (ok995) V,

CZ3805 gey-33 (ok232) V; gcy-31 (ok296) X, CX7102 lin-15 (n?65) qals2241 ■ ºcy

36::egl-1, goy-35::g■ p, lin-15(+)/X, XA2262 gey-33 (ok232) V; gcy-31 (ok296)

qals2241 X, CX6422 gey-35 (ok 769) I; gcy-33 (ok232) V; gcy-31 (ok296) qals2241 X,

JT307 egl–9 (sa;07) V, ZG31 hi■ -1 (ia4) V, CX6571 egl–9 (sax07) hi■ -1 (ia-4) V, CX6745

gcy-35 (ok 769) I; egl–9 (sax07) V, CX6608 tax-4 (ks28) III; egl–9 (sax07) V, MT1201

eg!-9 (n571) V, JT330 egl–9 (sax30) V, CB5602 whl-1 (ok 161) X, CX6562 hi■ -1 (ia4) V;

vhl-1 (ok 161) X, DA609 mpr-1 (adó09) X, CX4057 npr-1 (g:520) X, CX4991 lim-4

(ky403) X, CX2065 odr-1 (n 1936) X, CX4 odr-7 (ky4) X, CX4537 osm-9 (ky10) IV,

CX4544 ocr-2 (aka 7) IV, CX4651 osm-9 (ky10) ocr-2 (aka 7) IV, PR811 osm-6 (p.811) V,

CB75 mec-2 (e.75) X, CB1338 mec-3 (e1338) IV, CB1339 mec-4 (e1339) X, CB111

cat-1 (e1111) X, CB1112 cat-2 (e1112) II, GR1321 ph-1 (mg280) II, CB1239 mab-5

(e/239) III, CF911 mab-5 (e2008) III, CB3256 mab-5 (e1751g■ ) III. Unless indicated,

null alleles or strong loss-of-function alleles were used.

sº
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Behavioral Assays

Aerotaxis assays were performed by placing animals on nematode growth

medium (NGM) agar in custom-made microfluidic devices fabricated from

polydimethylsiloxane with a gas-phase linear gradient from 0-10% oxygen, and

monitoring animals’ accumulation in nine bins across the gradient (Gray et al., 2004).

Gradients were generated by delivering gases under laminar flow to source and drain

chambers immediately outside the behavioral arena, using a syringe pump; diffusion of

the gases established the gradient in the small assay chamber. For 0-10% gradients,

100% nitrogen and 10% oxygen/90% nitrogen gases were used. Gases were obtained

from Airgas (Radnor, Pennsylvania), Matheson (Montgomeryville, Pennsylvania), and

TW Smith (Brooklyn, New York). Animals were prepared for assays as described

(Chang et al., 2006). Results from two devices were binned for one assay (~80-100

animals per assay). At least three independent assays on three different days for each

genotype were used to generate the results. Data presented represent distributions 25

minutes from start of the assay.

For the agar plug assay (Fig. 4-3A), the assay plate contained 4 lawns of 15 ul E.

coli HB 101 seeded on NGM agar and grown overnight. When indicated, lawns were

irradiated by shortwave UV after overnight growth. Before transfer of animals, two

lawns were covered by circular plugs of NGM agar that were larger than these lawns,

such that these lawns were sandwiched between two layers of agar. 100-200 adult

animals were transferred to the middle of the plate by washing. The fraction of animals

in the center of covered lawns equals the total number of animals inside covered lawns

divided by the total number of animals under agar plugs on one assay plate. At least
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three assay plates were used to generate the results. The fraction of animals was scored

at 1 and 4 hours from start of the assay.

Direct oxygen measurements of oxygen concentrations in the agar plug were

performed using a Clark-style microelectrode (Diamond Microsensors, Ann Arbor,

Michigan), calibrated with standards before use.

Statistical Analysis

Statistical analysis of aerotaxis was conducted in multiple steps. The nine

individual points in the aerotaxis assay are not independent – accumulation of animals in

one bin necessarily affects all other bins – so they cannot be analyzed individually. A

first test to assess the overall distribution of animals in the aerotaxis assay was a

comparison of experimental strains to controls by Chi-square analysis (nine bins per

aerotaxis assay x 2 strains = 8 degrees of freedom). Chi-square analysis takes into

account the non-Gaussian nature of the aerotaxis distributions as well as the total number

of animals tested. It is overly conservative, because it combines all animals tested into a

single contingency table and does not take into account the fact that each assay was

repeated multiple times. Therefore, assays that are not statistically different by this

criterion may actually be different. With this issue in mind, we have emphasized positive

findings in this chapter. For controls such as N2 that were compared to multiple mutants,

p < 0.01 was used as the level of significance for the Chi-square test. All results

discussed explicitly in the text of this chapter were significant at p < 0.001 (Table 4-2).

In the text, any stated differences in fraction of animals in low oxygen (bins 6-9, 0-4.4%

O2) had also passed this first test using Chi-square analysis of the entire distribution (p<
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0.01). Each strain or condition was tested in at least 3 assays with ~80-100 animals each,

and the mean fraction of animals in low oxygen across all assays was used to test

significance.

For all data described in this chapter, t tests were used to compare between two

data points. Analysis of variance (ANOVA) plus Bonferroni t tests or Dunnett tests were

conducted for multiple comparisons of data points (Statview, Cary, North Carolina). For

controls such as N2 that were compared to multiple mutants, p < 0.01 was used as the

level of significance.
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Table 4-1. Distributions of different genotypes in aerotaxis assays in a
0-10% oxygen gradient.

All assays are in the absence of food.
Bins are equally spaced along the gradient. Bins 1-9 correspond to decreasing oxygen
concentrations from 10% to 0% oxygen. Values are the fractions of animals in each bin.
n, number of assays. Each assay represents 80-100 animals.
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Table 4-2. Chi-square comparisons for 0-10% oxygen gradient assays.
n, total number of animals tested for a given genotype and condition.

* P × 0.01
++ p < 0.001
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Table 4-3. Fraction of animals in the center of covered lawns for various mutants.

Fraction of animals in the center of untreated covered lawns. Animals scored at 4 hours.

n, number of assays. SEM denotes standard error of the mean. With the exception of

odr–7, no strain was significantly different from N2 controls at p < 0.05 by Dunnett test.

odr-7 mutants were different from N2 controls at p < 0.01 by Dunnett test.

Fraction of

Genotype n Animals SEM

N2 39 0.025 0.009

mec-2 (eZ5) 6 0.000 0.000
mec-3 (e1338) 3 0.000 0.000
mec-4 (e1339) 6 0.004 0.003

mab-5 (e1239) 3 0.043 0.030
mab-5 (eZ008) 3 0.005 0.005

mab-5 (e1751 gf) 3 0.021 O.O11

gcy-35 (ok 769) 15 0.041 0.011
gcy-33 (ok232); gcy-31 (ok296) 6 0.030 0.030
qals2241 (URX-AQR-PQR-) 12 O.057 0.013
gcy-33; gey-31 qals2241 12 0.070 0.014
gcy-35; gcy-33; gcy-31 qals2241 6 0.031 0.010

lim-4 (kyA03) 12 0.083 0.031
odr-1 (n 1936) 6 0.030 0.020
odr-7 (ky-4) 6 0.175 0.033
osm-9 (ky10) 3 0.012 0.012
ocr-2 (aka Z) 3 0.009 0.009
osm-6 (p811) 3 0.089 0.012

npr-1 (ad609) 15 0.087 0.014
npr-1 (g32O) 15 0.026 0.009

Cat-1 (e1111) 3 O.O11 0.006
cat-2 (e 1112) 3 0.066 0.034
tph-1 (mg280) 3 0.042 0.014

body touch

Q cell migration

sGC signaling

sensory signaling

neuropeptide
signaling

food modulation

--

1.59
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Figure 4-1. Hypoxia avoidance requires the TAX-4 cyclic nucleotide-gated channel

in a subset of sensory neurons.

(A-H) Aerotaxis of animals in a 0-10% oxygen gradient.

(A) Aerotaxis of N2, gey-36 and gcy-35 animals.

(B) Aerotaxis of gcy-34 and gcy-32 mutants.

(C) Aerotaxis of gcy-33; gcy-31 double mutants.

(D) Aerotaxis of tax-4 mutants.

(E) Aerotaxis of tax-4 mutants rescued for tax-4 in URX, AQR, and PQR neurons using a

gcy-32::tax-4::g■ p transgene (Gray et al., 2004).

(F) Aerotaxis of tax-4 mutants rescued for tax-4 in multiple sensory neurons using an

odr-4::tax-4::g■ p transgene.

(G) Aerotaxis of osm-9 and ocr-2 mutants.

(H) Aerotaxis of osm–9 ocr-2 double mutants.

In A-H, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the first distribution in the panel, unless otherwise noted. n > 3 assays per genotype, 80

100 animals/assay. Error bars are standard error of the mean (SEM).

(I) Fraction of animals in 0-4.4% oxygen. Asterisks, values different from N2 controls at

p < 0.01 by Dunnett test. Cross, value different from tax-4 mutants, and not from N2

control, at p < 0.05 by Bonferroni t test. NS, value different from N2 control, and not

from tax-4 mutants, at p < 0.05 by Bonferroni t test. Error bars denote SEM.
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Figure 4–2. Hypoxia avoidance is regulated by the HIF-1 pathway.

(A-D) Aerotaxis of animals in a 0-10% oxygen gradient.

(A) Aerotaxis of wild-type N2 and egl–9 animals.

(B) Aerotaxis of egl–9, hi■ -1, and egl–9 hi■ -1 mutants.

(C) Aerotaxis of tax-4 egl–9 double mutants.

(D) Aerotaxis of gcy-35; egl–9 double mutants.

In A-D, asterisks denote distributions different by Chi-square analysis at p < 0.01 from

the first distribution in the panel. n > 3 assays per genotype, 80-100 animals/assay. Error

bars are standard error of the mean (SEM).

(I) Fraction of animals in 0-4.4% oxygen. Asterisks, values different from N2 controls at

p < 0.01 by Dunnett test, gey-35; egl–9 mutants are different from gey-35 mutants, and

not from egl–9 mutants, at p < 0.05 by Bonferroni t test. egl-9, tax-4, and tax-4 egl–9

mutants are not different by ANOVA at p = 0.449. Error bars denote SEM.
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Figure 4-3. Feeding patterns on bacterial lawns are modified by hypoxic conditions.

(A) Agar plug assay. The assay plate contained 4 lawns of E. coli HB 101 seeded on

NGM agar and grown overnight. When indicated, lawns were irradiated by shortwave

UV after overnight growth. Before transfer of animals, two lawns were covered by

circular plugs of NGM agar that were larger than these lawns, such that these lawns were

sandwiched between two layers of agar. 100-200 adult animals were transferred to the

middle of the plate by washing. The distribution of animals was scored at 1 and 4 hours.

(B) The fraction of animals in the center of covered lawns = (total number of animals

inside covered lawns) / (total number of animals under agar plugs) on one assay plate.

Without UV treatment of lawns, wild-type N2 animals avoided the center of covered

lawns. Increasing time of UV irradiation resulted in greater fractions of animals

accumulating in the center of covered lawns. n > 3 assays per condition and time point,

100-200 animals/assay. Error bars denote SEM.

(C) Direct measurement of oxygen concentrations at different positions in lawns after

covering them with agar plugs for 1 hour. ND, not determined.
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Figure 4-4. The cyclic nucleotide-gated channel TAX-4/TAX-2 is required for

avoidance of covered lawns.

Fraction of animals in the center of untreated covered lawns. Animals scored at 1 and 4

hours. Double asterisks, values different from N2 controls at the same time point at p <

0.01 by Dunnett test. n > 6 assays per genotype and time point, 100-200 animals/assay.

Error bars denote SEM.
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Figure 4-5. Upregulation of the HIF-1 pathway increases the fraction of animals in

the center of covered lawns.

(A) Fraction of animals in the center of covered lawns that were not UV-irradiated.

(B) Fraction of animals in the center of covered lawns that were UV-irradiated for 3

minutes.

Animals scored at 1 and 4 hours. Asterisks and double asterisks, values different from

N2 controls at the same time point at p < 0.05 and at p < 0.01, respectively, by Dunnett

test. For 1 hour time point with 3 minutes UV, tax-4 egl-9 was not included in Dunnett

test. For t test between N2 and tax-4 egl-9 at 1 hour time point, p = 0.034, n > 3 assays

per genotype and time point, 100-200 animals/assay. Error bars denote SEM.
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Chapter 5:

Future Directions
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In this dissertation, my goal was to understand the neural basis for behavioral

responses to one physiologically important sensory cue, oxygen, in the model organism

C. elegans. My work suggests that C. elegans oxygen preference in a 0-2.1% oxygen

range is composed of two distinct behaviors: avoidance of hyperoxia (>14%) and

avoidance of hypoxia (<4%). Using a combination of genetic and neuroanatomical

approaches, I uncovered a circuit for hyperoxia avoidance in which sensory and

modulatory components act in a flexible, distributed manner resembling dynamic

modulated networks from more complex nervous systems (Briggman et al., 2005;

Nusbaum and Beenhakker, 2002; Wills et al., 2005). The discovery of ever more

complex circuits for behavior in C. elegans validates the choice of this model for

studying neural circuits and highlights the advantages of working in a genetic system

with well-characterized and reproducible neuroanatomy (de Bono and Maricq, 2005).

Why would C. elegans devote so many sensory neurons to hyperoxia avoidance

behavior? One way to think about aerotaxis off food is that animals associate oxygen

concentration with food, and when they are transferred from food to the assay plate, they

try to find the oxygen concentration that last corresponded with food. The preferred

oxygen concentrations of wild-type N2 animals off food are similar to oxygen

concentrations of bacterial lawns from which they were transferred (Chang et al., 2006;

Gray et al., 2004). In npr-1 mutants, oxygen preference can be shifted to lower oxygen if

animals are incubated with food at 1% oxygen, but not if they were incubated without

food at 1% oxygen (Cheung et al., 2005) (Fig. 3-6). When animals are removed from

food, they may use TRPV channel-expressing neurons (ASH and ADF) to sense the food

State and sGC-expressing, oxygen-sensing neurons (URX, AQR, PQR, SDQ, ALN, and

o
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PLN) to track to preferred oxygen concentrations (Fig. 2-8). Only subsets of either food

sensing neurons or oxygen-sensing neurons are required for hyperoxia avoidance.

One reason for the apparent redundancy of function may be due to the fact that

multiple locomotory strategies enable animals to accumulate at preferred oxygen

concentrations in a 0-2.1% oxygen gradient. To accumulate at the preferred oxygen

concentrations, wild-type N2 animals slow down in the preferred range and reverse when

they move out of it. At a visual level, modulation of either speed or reversal frequency

seems to be sufficient for accumulation at the preferred concentration. This is most

evident in osm-9 rescue experiments where either expression of osm–9 in ASH, PHA, and

PHB neurons or ADF neurons was sufficient to restore hyperoxia avoidance to osm-9

mutants (Fig. 2-2). Mutants rescued for osm-9 in ASH, PHA, and PHB neurons had high

speed during the assay and reversed frequently when they entered hyperoxia from the

preferred oxygen concentrations. On the other hand, mutants rescued for osm-9 in ADF

neurons were slow during the assay and completely stopped once they found their

preferred oxygen concentrations. To determine the precise locomotory contribution of

each sensory neuron to oxygen preference behavior, animals should be tracked during the

gradient assay, and distinct locomotory parameters, such as speed and reversal frequency,

should be quantitated over time at different positions along the gradient. Under more

varied environmental conditions in nature, different locomotory strategies employing

subsets of neurons in this circuit may be appropriate to find preferred oxygen levels.

The presence of food in the oxygen gradient assay suppresses hyperoxia

avoidance. Multiple pathways (DAF-7, NPR-1, and HIF-1) modulate hyperoxia

avoidance in the presence of food, probably by coupling environmental conditions to
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behavior. DAF-7 TGF-■ signaling is downregulated by low food availability and high

population (pheromone) density (Ren et al., 1996; Schackwitz et al., 1996). The NPR-1

neuropeptide pathway may be regulated by neuropeptide release from neurons and

intestine (Rogers et al., 2003) and thus can potentially monitor both external and internal

environments. The HIF-1 pathway senses hypoxic stress throughout the animal (Epstein

et al., 2001; Jiang et al., 2001). These pathways monitor distinct stressors to affect the

same output behavior, allowing the animal to respond to diverse conditions. Whereas

DAF-7 and HIF-1 pathways respond to chronic states and act through transcription, NPR

1 signaling may be regulated constitutively or acutely. An important future direction

would be to determine how NPR-1 signaling is regulated by its neuropeptide ligands.

While expression of npr-1 is restricted to relatively few cells, the daf-7/daf-3 and

egl–9/hif-1 transcriptional pathways may be used more broadly throughout the animal

(Coates and de Bono, 2002; Jiang et al., 2001; Patterson et al., 1997). This makes it

difficult to determine which transcriptional targets of daf-7/daf-3 and egl–9/hif-1

pathways specifically regulate aerotaxis. Microarray experiments that examine global

changes in gene expression are likely to miss relevant targets important in only a few

cells; in fact, microarray experiments on the HIF-1 pathway yielded many metabolic

genes required for adaptation to hypoxia and few genes involved in sensory transduction

(Bishop et al., 2004; Shen et al., 2005). One possible way to address this problem is to

enrich for cells of interest by fluorescence activated cell sorting (FACS), and then

perform microarray experiments on these cells (Zhang et al., 2002). Cells already

implicated in hyperoxia avoidance are a good starting point for this line of experiments.
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A complementary method to study the circuit for hyperoxia avoidance is

functional imaging experiments using genetically encoded calcium sensors, such as

cameleon or G-CaMP (Miyawaki et al., 1999; Nakai et al., 2001). C. elegans does not

have voltage-activated sodium channels, and calcium is the major cation that is

exchanged to initiate changes in membrane potential and neuronal activity. Both

cameleon and G-CaMP have been successfully used to image the activity of C. elegans

neurons and muscle (Hilliard et al., 2005; Kahn-Kirby et al., 2004; Kerr et al., 2000;

Kodama et al., 2006). A microfluidic device has been developed to deliver changes in

oxygen levels to animals (N. Chronis and M. Zimmer, personal communication).

Neurons that express sGCs (URX, AQR, PQR, SDQ, ALN, PLN, and BAG) and other

neurons implicated in hyperoxia avoidance should be tested for their sensitivity to

changes in oxygen levels in wild-type and mutant backgrounds. Given the number of

sGCs and neurons involved in hyperoxia avoidance, it is likely that different sGCs and

neurons are sensitive to different ranges of oxygen and direction of change. Modulatory

pathways (DAF-7, NPR-1, and HIF-1) are likely at some point to affect the activity of

some of these neurons in response to oxygen.

Hypoxia sensing is a major question for researchers interested in acute and

chronic problems associated with low oxygen conditions caused by disease states, such as

stroke or heart disease. The HIF-1 pathway has been studied extensively as a

transcriptional system for oxygen homeostasis; however, the identity of acute oxygen

sensors remains elusive. To date, hypoxia sensing has been studied mostly in

mammalian systems, where redundant pathways appear to control hypoxia sensing in

organs like the carotid body.
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My preliminary results suggest that C. elegans may be a good system in which to

find an acute hypoxia sensor. C. elegans exhibits strong acute repulsion from hypoxia in

both the 0-10% oxygen gradient assay and agar plug assay. Hypoxia avoidance requires

the canonical HIF-1 hypoxia-sensing pathway and activity of sensory neurons that

express the TAX-4/TAX-2 cyclic nucleotide-gated channel (Chapter 4). Sensory neurons

that express tax-4/tax-2 may sense hypoxia directly, or they may play a modulatory role

in hypoxia avoidance behavior. Calcium imaging experiments can be performed on these

neurons to determine their sensitivity to hypoxia.

The rapid and persistent reversal response of C. elegans to hypoxia is highly

suitable for an unbiased genetic screen to find an acute hypoxia sensor. The agar plug

assay can be used to find animals that fail to avoid the center of covered lawns, but the

plug is not easy to remove without disturbing the lawn. A better screen would utilize a

configuration in which preferred and hypoxic zones are spatially isolated in a

microfluidic device (G. Lee, personal communication); animals that accumulate in

hypoxic regions can then be further tested.

Ultimately, it would be beneficial to develop more complex behavioral assays that

more closely resemble animals’ experience in natural settings. Because oxygen is such

an important sensory cue, it would be useful to combine oxygen with other sensory cues

in complex assays. The agar plug assay is one example of complex presentation of

sensory cues, balancing attraction to bacterial food with dangerous hypoxic conditions.

Using the microfluidic device designed for the oxygen gradient assay, one can test

animals in a complex gradient combining a gradient of oxygen with a gradient of a

repulsive gas, such as carbon dioxide, to see how animals integrate multiple cues to find a
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preferred location. To determine what properties of bacterial food modulate C. elegans

aerotaxis, pure chemicals or physical substrates can be substituted for bacterial lawns to

See if they can reproduce the effect of suppressing hyperoxia avoidance.

C. elegans is a remarkably versatile model system to study behavior. Its genetic

tractability allows for unbiased screens for new components of sensory transduction and

dissection of interactions between signaling pathways. The simplicity and reproducibility

of its neuroanatomy permit physical and molecular manipulations of cellular components

of neural circuits in single animals as well as populations. Recent technological advances

in engineering and in vivo imaging give us greater access to quantitative measures of

animal behavior and cell activity. As we move towards developing paradigms for more

complex behaviors in C. elegans, the synthesis of these approaches will help us gain a

more complete understanding of behavior from the molecular to system level.
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Appendix A:

Sensory integration in chemotaxis

Statement of contributions: C

I performed the experiments presented in Figure A-1, Figure A-2 A and B, and Figure

A-4. A rotation student, Adria LeBoeuf, conducted the experiments in Figure A-2C and Qe

Figure A-3.
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Introduction

Animals live in complex environments in which they must be able to respond

appropriately to sensory cues. The soil nematode C. elegans exhibits behavioral

responses to a variety of volatile chemical stimuli associated with bacterial food. Some

chemicals, such as 2-butanone, isoamyl alcohol, diacetyl, and pyrazine, are attractive at

all concentrations tested. Others, like 1-octanol and 1-nonanol, are not attractive at any

concentration and repulsive at high concentrations (Bargmann et al., 1993). Volatile

chemical attraction or repulsion is mediated primarily by the AWA, AWB, and AWC

sensory neurons (Bargmann et al., 1993; Sengupta et al., 1994; Troemel et al., 1997). *
- -

&

The ASH neurons also detect a variety of chemical, mechanical, and osmotic repellents sº

(Bargmann and Mori, 1997). c
In this chapter, I will describe my efforts to map out neural circuits for C. elegans -

*-
O
-

response to two volatile chemicals, 1-hexanol and 2-monanone. Both chemicals are T o

repulsive at high concentrations; 1-hexanol is also attractive at lower concentrations º
(Bargmann et al., 1993; Troemel et al., 1997). Attraction and repulsion to these

o
- - - - - - »

chemicals appear to be mediated by distinct sets of neurons. For chemotaxis towards 1- sº

hexanol, sensory integration of these opposing drives regulates behavior in a temporal 00.

fashion.
-

º
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Results

Attraction to 1-hexanol requires the AWC str-2::g■ p OFF neuron.

Wild-type N2 animals are repelled from high concentrations of 1-hexanol (1 and

1:2) and attracted to lower concentrations (1:10 and 1:20) in a dose-dependent manner

((Bargmann et al., 1993); Noelle Dwyer, personal communication) (Figure A-1). Using a

candidate gene approach, I tested mutants in sensory signal transduction to find sensory

components and neurons that promote attraction and repulsion to 1-hexanol. Previous

studies showed that C. elegans neurons that sense volatile chemicals promote either

attractive or repulsive responses (Bargmann et al., 1993; Troemel et al., 1997), so it is

likely that these functions are carried out by distinct sets of sensory neurons.

Attraction to 1-hexanol at 1:10 and 1:100 concentrations was impaired in odr-1

mutants (Figure A-1). odr-1 encodes a transmembrane guanylate cyclase that is required

for chemotaxis mediated by the AWC and AWB neurons (L’Etoile and Bargmann, 2000).

Because AWC neurons promote volatile attraction while AWB neurons mediate volatile

repulsion (Bargmann et al., 1993; Troemel et al., 1997), it is likely that odr-1 acts in

AWC neurons to promote 1-hexanol attraction. To address this hypothesis, I tested

mutants that specifically affect AWC cell fate. The two AWC neurons exhibit stochastic

asymmetric expression of a putative chemosensory receptor, str-2 (Troemel et al., 1999);

wild-type animals express a str-2::g■ p transgene in only one AWC neuron. Some

mutants that disrupt in this asymmetry are defective in discrimination between AWC

sensed odorants (Wes and Bargmann, 2001). nsy-1 (ky542) and nsy-3/slo-1 (ky389g■ )

mutants with two AWC neurons that express str-2::g■ p (Davies et al., 2003; Troemel et
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al., 1999; Wes and Bargmann, 2001) showed a defect in 1-hexanol attraction (Figure A

1), suggesting that an AWC neuron that does not express str-2::g■ p or asymmetric

expression of str-2::g■ p is needed for this behavior. To determine if asymmetric

expression of str-2::g■ p was important, I tested mutants in nsy-4 (ky616) and nsy-5

(ky634), which have two AWC neurons that do not express str-2::g■ p ((Vanhoven et al.,

2006); M. Vanhoven, personal communication). These mutants exhibited normal, if not

better, attraction to 1-hexanol than wild-type N2 animals (Figure A-1). Thus, it is the

presence of an AWC str-2::g■ p OFF neuron that is required for 1-hexanol attraction, and

not asymmetric expression of str-2::g■ p in the two AWC neurons.

TRPV channels are required for repulsion from 1-hexanol.

My candidate approach found that mutants in the TRPV channels osm-9 and ocr-2

were defective in repulsion from high concentrations of 1-hexanol and 1-heptanol (Figure

A-2A, B). This defect was more pronounced in animals grown at 25°C versus those

grown at 20°C, especially for osm-9 mutants (Figure A-2A, B), suggesting that high

temperature may further decrease repulsion from these chemicals in osm-9 and ocr-2

mutants. osm-9 and ocr-2 are important in a number of C. elegans behaviors, including

volatile attraction and acute chemical repulsion (Colbert et al., 1997; Tobin et al., 2002).

Because ocr-2 had a stronger defect in 1-hexanol repulsion and is expressed in a smaller

set of sensory neurons than osm-9 (Colbert et al., 1997; Tobin et al., 2002), I rescued ocr

2 in subsets of ocr-2-expressing neurons. Expression of ocr-2 in ADL neurons restored

1-hexanol repulsion to ocr-2 mutants while expression of ocr-2 in ASH, PHA, and PHB

neurons partially rescued the ocr-2 mutant defect (Figure A-2C). These neurons are
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known to mediate repulsive behaviors; in particular, ADL neurons promote repulsion

from 1-octanol, another n-alkanol (Colbert et al., 1997; Hilliard et al., 2002; Troemel et

al., 1997).

Unexpectedly, expression of ocr-2 in ADF or AWA neurons also partially

restored 1-hexanol repulsion to ocr-2 mutants (Figure A-2C). ocr-2 acts in ADF to

promote serotonin biosynthesis via upregulation of tºph-1, a biosynthetic enzyme (Zhang

et al., 2004), and serotonin has been shown to modulate acute repulsion of animals from

30% 1-octanol (Chao et al., 2004). Thus, it is possible that ocr-2 activity regulates

serotonin levels in ADF to affect 1-hexanol repulsion. ocr-2 activity in AWA promotes

volatile attraction to diacetyl (Tobin et al., 2002). It would be surprising, but possible,

that AWA neurons use ocr-2 to promote repulsion from 1-hexanol as well. Taken

together, multiple ocr-2-expressing neurons appear to promote repulsion from 1-hexanol

at high concentrations.

1-hexanol attraction and repulsion are temporally distinct.

To better understand the behavior of animals in the chemotaxis assay, we

examined the distribution of animals in assays to 1:2 1-hexanol over the course of 24

hours (Figure A-3). At 30 minutes, wild-type N2 animals were weakly attracted to 1

hexanol, and repulsion only became apparent after 60 minutes and strengthened over the

next 60 minutes. odr-1 mutants defective for attraction did not exhibit any preference

until 60 minutes and were consistently more repelled than N2 at later time points. ocr-2

mutants defective for repulsion were attracted to 1-hexanol at all time points. Three ocr

2 rescue strains showed repulsion only at later time points compared to N2 animals,
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consistent with their partial rescue effect (Figure A-2C). These results suggest that

attraction to 1-hexanol occurs early, followed by repulsion at later time points.

This behavior was not due to lower, attractive concentrations of 1-hexanol

experienced by animals at the start of the assay, when they were in the middle of the

assay plate. In a flow chamber setup, gases can be quickly exchanged in flow over

animals on an agar plate. In this assay, wild-type N2 animals did not exhibit acute

responses to saturated 1-hexanol vapor in the first 15 minutes. However, if 1-hexanol

vapor was replaced with air for 5 minutes and then reintroduced, animals responded very

strongly to 1-hexanol by increasing reversal frequency (data not shown), a behavior

characteristic of acute repulsion in C. elegans. Thus, the ability to generate acute

repulsive behavior towards 1-hexanol even at the highest concentrations occurs at least

15 minutes after initial exposure to the chemical.

2-nonanone chemotaxis may involve multiple sensory neurons.

To determine if behavior towards other volatile chemicals also has complex

sensory circuits, I examined chemotaxis to 2-nonanone, a volatile repellent sensed by the

AWB neurons (Troemel et al., 1997). Wild-type N2 animals were strongly repelled by

undiluted 2-monanone, a response that decreased to no preference by a 100-fold dilution

(Troemel et al., 1997) (Figure A-4). Mutants in the transmembrane guanylate cyclase

odr-1 responded only half as strongly as wild-type animals to undiluted 2-monanone

(L’Etoile and Bargmann, 2000) (Figure A-4). This could be the result of redundancy of

guanylate cyclases in AWB neurons or additional neurons contributing to 2-nonanone

repulsion at high concentrations. To test between these possibilities, one can test
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combination mutants between odr-1 and other guanylate cyclases expressed in AWB as

well as odr-1 and the TRPV channels osm–9 or ocr-2, which mediate avoidance behaviors

in other sensory neurons (Colbert et al., 1997; Tobin et al., 2002).

Interestingly, mutants in lim-4, which have a transformation of AWB to AWC

neurons (Sagasti et al., 1999), exhibited a stronger defect in 2-nonanone repulsion than

odr-1 mutants (Figure A-4). lim-4 mutants grown at 20°C even showed significant

attraction to 1:10 2-nonanone (Figure A-4A). Odr-7 mutants, which have loss of AWA

function and partial transformation of AWA to AWC (Sagasti et al., 1999; Sengupta et

al., 1994), also had increased attraction to 2-nonanone at 1:10 and 1:100 concentrations

(Figure A-4). Assuming that AWC neurons can promote attraction to 2-nonanone that is

normally masked by strong repulsion, these results suggest that increased AWC function

promotes attraction to 2-nonanone that is additive with repulsion mediated by AWB. In

lim-4 mutants, the total loss of preference to undiluted 2-monanone could result from loss

of AWB repulsion plus additional AWC attraction.

Discussion

The response of C. elegans to 1-hexanol is an example of a sensory cue that elicits

complex dose-dependent behavioral responses, like oxygen. Consistent with previous

Studies of chemosensation in C. elegans, attraction and repulsion to 1-hexanol are

regulated by distinct sets of sensory neurons. Attraction to 1-hexanol requires the AWC

Str-2::g■ p off neuron while repulsion is mediated by TRPV channel-expressing neurons,

Some of which are known to promote chemical repulsion. A similar sensory circuit exists

for behavioral reponses to benzaldehyde, for which attraction in chemotaxis is mediated

o
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by AWC neurons and acute repulsion by TRPV channel-expressing ASH neurons

(Bargmann et al., 1993; Colbert et al., 1997; L'Etoile and Bargmann, 2000).

At a visual level, attraction appears to precede repulsion to high concentrations of

1-hexanol. Assuming that attraction and repulsion are additive in their contribution to

overall chemotaxis, one explanation for this behavior is that attraction adapts over time in

the presence of persistent repulsion. This is unlikely to be true because odr-1 mutants

defective in 1-hexanol attraction did not exhibit any repulsion before 60 minutes in the

chemotaxis assay (Figure A-3). An alternative possibility is that repulsion is upregulated

over time to override a constant level of attraction. This may explain why wild-type

animals can only respond repulsively to 1-hexanol after at least 15 minutes pre-exposure

to the chemical in the flow assay (data not shown). 1-hexanol is a volatile anesthetic and

interferes with receptor-G protein function by an unknown mechanism (Streiff et al.,

2004; Yoshimura et al., 2003). Wild-type N2 animals were completely immobilized by

saturated 1-hexanol vapor after 15–20 minutes, from which they recovered within a few

minutes after removal of 1-hexanol (Anton et al., 1992) (data not shown). Perhaps this

delayed repulsion allows animals to tolerate sub-lethal exposure to 1-hexanol in

exploring their environment. Formally, a combination of these explanations above may

also be possible.

The possible mechanisms for signal integration in 1-hexanol chemotaxis can be

addressed by more detailed behavioral studies. The flow assay should be used to test

odr-1 and ocr-2 mutants defective in attraction and repulsion, respectively. If attraction

adapts over time in a background of constant repulsion, odr-1 mutants should exhibit

repulsion (higher reversal frequency) at earlier time points than wild-type animals. If

•o
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repulsion is upregulated over time in a background of constant attraction, then odr-1

mutants should show repulsion at the same time as wild-type animals. Attraction is often

inferred when animals slow down and decrease reversal frequency upon a change in

stimulus. When 1-hexanol vapor was removed after 15 minutes of exposure, wild-type

N2 animals dramatically slowed and stopped reversing (data not shown). If attraction

adapts over time in a background of constant repulsion, ocr-2 mutants should show

gradual loss of attractive response to removal of 1-hexanol after different periods of

exposure. If repulsion is upregulated over time in a background of constant attraction,

then ocr-2 mutants should show the same level of attraction independent of length of

exposure to 1-hexanol. One limitation of these experiments is the anesthetic effect of

saturated 1-hexanol vapor, so a dilution of 1-hexanol may be necessary to study

prolonged exposure to the chemical.

Functional imaging experiments using genetically encoded calcium sensors can

also be carried out to study the responsiveness of 1-hexanol-sensing neurons at different

times after exposure to the chemical. These experiments should be performed on N2,

odr-1, and ocr-2 animals in similar treatments as those used in the flow assays above to

draw correlations between neuronal activity and behavioral output. Interpretation of

results from these functional imaging experiments will depend on understanding the

naive calcium responses of these neurons to changes in 1-hexanol concentration.

In observing the behavior of wild-type N2 animals in chemotaxis assays to 1

hexanol and 2-monanone, it was clear that volatile repulsion could be generated by

distinct locomotory outputs. Repulsion from 1-hexanol was typified by a high reversal

frequency, causing animals to change direction constantly as they backed away from

º
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sources of 1-hexanol (data not shown). This behavior is consistent with the role of ASH

and ADL neurons, which generate acute reversals in response to repellents (Bargmann et

al., 1990; Chao et al., 2004; Colbert et al., 1997; Hilliard et al., 2002). Repulsion from 2–

nonanone was seen as animals turning away from sources of 2-nonanone and moving

straight down the chemical gradient to the opposite side of the assay plate, a faster

response than for 1-hexanol. It would be interesting to study why certain stimuli elicit

ASH vs. AWB responses; perhaps the long-range AWB response is used for more toxic

chemicals. Additionally, studying how these locomotory outputs are generated at a

circuit level would improve our understanding of long-range repulsion.

Finally, it has been observed that repulsion from high concentrations of 1-hexanol

can be switched to attraction if animals are grown under stressful conditions. Starvation,

high population density, and parafilming of the culture plate all contribute additively to

this effect (Noelle Dwyer, personal communication). The effect of high population

density was only partially reproduced by high concentrations of dauer pheromone at low

population density (Noelle Dwyer, personal communication), suggesting that other

factors contribute to the population density effect, perhaps mechanosensation. Both high

population density and parafilming the plate would result in low oxygen and high carbon

dioxide conditions; these factors should be considered and tested independently. Mutants

that affect oxygen chemosensation have already been isolated and can be tested in this

modulated behavior (Chang et al., 2006; Gray et al., 2004) (Chapter 4). It would also be

interesting to determine if attraction and/or repulsion is modulated by these stress sensory

experiences by testing odr-1 and ocr-2 mutants. Ultimately, a circuit can be
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reconstructed with these modulatory inputs to understand how sensory signal integration

occurs in the nervous system.
º
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Materials and Methods

Strains

Strains were cultured under standard conditions (Brenner, 1974) and fed E. coli

HB 101. Wild-type animals were C. elegans Bristol strain N2. Other strains used in this

work include: CX2065 odr-1 (n 1936) X, CX4731 nsy-1 (ky542) II, CX6342 nsy-3

(ky389g■ ) V, CX6332 nsy-4 (ky616) IV, CX6161 nsy-5 (kyô34) I, CX4537 osm-9 (ky10)

IV, CX4544 ocr-2 (aka 7) IV, CX6234 ocr-2 (aka 7) IV: kyEx685 ■ odr-10::ocr-2, unc

122::g■ p), CX6236 ocr-2 (aka 7) IV; kyEx686/srh-142::ocr-2, unc-122::g■ p/, CX6239

ocr-2 (ak-17) IV, kyEx687 /sra-6::ocr-2, unc-122::g■ p/, CX6381 ocr-2 (aka 7) IV;

kyEx692/srh-220::ocr-2, unc-122::g■ p/, CX4 odr-7 (ky4) X, CX4991 lim-4 (ky403) X.

Unless indicated, null alleles or strong loss-of-function alleles were used.

Behavioral Assays

Chemotaxis assays were performed as described (Troemel et al., 1997), except

2% agar was used instead of 1.6% agar. The amount of odorant indicated in the Figures

was the amount of undiluted chemical in each spot. Two spots of odorants and two spots

of control (ethanol) were applied to each assay plate. The time course experiments in

Figure A-3 were performed in the presence of sodium azide. Animals were tested at the

temperature in which they were raised. With the exception of Figure A-3, at least three

independent assays on two different days were used to generate the results.
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Statistical Analysis

For all data described in this chapter, analysis of variance (ANOVA) plus

Bonferroni t tests or Dunnett tests were conducted for multiple comparisons of data

points (Statview, Cary, North Carolina). For controls such as N2 that were compared to

multiple mutants, p < 0.05 was used as the level of significance.
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Figure A-1. Attraction to 1-hexanol requires the AWC str-2::g■ p OFF neuron.

Wild-type N2 animals are repelled from high concentrations (1 and 1:2) of 1-hexanol and

attracted to lower concentrations (1:10 and 1:20).

Mutants affecting AWC neurons were tested. odr-1 (n 1936) mutants are defective for

AWC and AWB chemotaxis (L’Etoile and Bargmann, 2000). nsy-1 (ky542) and nsy

3/slo-1 (ky389g■ ) have 2 AWC neurons that express str-2::g■ p (Davies et al., 2003;

Troemel et al., 1999; Wes and Bargmann, 2001), nsy-4 (ky616) and nsy-5 (kyô34) have 2

AWC neurons that do not express str-2::g■ p ((Vanhoven et al., 2006); M. Vanhoven,

personal communication).

Asterisks and double asterisks, values different from N2 controls at the same condition at

p < 0.05 and p < 0.01, respectively, by Dunnett test. n > 4 assays per genotype and

condition, 100-200 animals/assay. Error bars denote standard error of the mean (SEM).

o
•o

196



aT



G-ÁsuDJ
Þ-Ásu
■€-ÁsuDJ|-ÁsuDJL-IpoDZND

OZ.
||

||OueX3■

OL:
||

||OueX3■

Z:||
||OueX3■

****

.*..*

0OZ■ ºuNWOuÐS|Bu|u\/

|

||OueX3■
Sc.

O’l8′0-9’O-■ zºOZ’O-O’OZºO■ 7’09°08°OO’|

Xepul SIXe]Oueu3)

197





Figure A-2. TRPV channels are required for repulsion from 1-hexanol.

(A) Chemotaxis of N2, ocr-2 (ak+7), and osm-9 (ky10) animals grown at 20°C.

(B) Chemotaxis of N2, ocr-2 (aka 7), and osm-9 (ky10) animals grown at 25°C.

(C) Chemotaxis of ocr-2 (ak{7) mutants rescued for ocr-2 in indicated cells. In rescue

strains, only animals expressing the co-injection marker were scored.

Asterisks and double asterisks, values different from N2 controls at the same condition at

p < 0.05 and at p < 0.01, respectively, by Dunnett test. Single cross, value different from

both N2 and ocr-2 controls at p < 0.05 by Bonferroni t test. Double cross, value different

from ocr-2, but not N2, at p < 0.05 by Bonferroni t test. n > 6 assays per genotype and

condition, 100-200 animals/assay. Error bars denote standard error of the mean (SEM).
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Figure A-3. Time course of 1-hexanol chemotaxis.

Time course of chemotaxis of N2, odr-1 (n 1936), ocr-2 (ak+7), and ocr-2 rescue strains

to 1:2 hexanol. In rescue strains, only animals expressing the co-injection marker were

scored, n > 2 assays per genotype and condition, 100-200 animals/assay. Error bars

denote standard error of the mean (SEM).
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Figure A-4. 2-nonanone chemotaxis may involve multiple sensory neurons.

(A) Chemotaxis of N2, odr-7 (ky4), odr-1 (n 1936), and lim-4 (ky+03) grown at 20°C.

(B) Chemotaxis of N2, odr-7 (ky4), odr-1 (n 1936), and lim-4 (ky403) grown at 25°C.

Asterisks and double asterisks, values different from N2 controls at the same condition at

p < 0.05 and p < 0.01, respectively, by Dunnett test. n > 3 assays per genotype and

condition, 100-200 animals/assay. Error bars denote standard error of the mean (SEM).
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