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CHAPTER1 GENERAL INTRODUCTION

Dissertation Organization

This dissertation presents the study of aryl hydrocarbon receptor in a powerful genetic
model system, the nematode Caenorhabditis elegans. This study demonstrates that
Caenorhabditis elegans aryl hydrocarbon receptor gene, ahr-1, plays important roles in
regulating neuronal development and neuronal function. This dissertation is composed of
4 chapters. In Chapter 1, I briefly introduce background information that is necessary for
the readers to understand the rational and significance of this study. Chapter 2 is a journal
article that was published in Developmental Biology, 2004, 207(1):64-75. The title is “The
Caenorhabditis elegans aryl hydrocarbon receptor, AHR-1, regulates neuronal
development”. In this paper, I present evidence demonstrating that ahr-I is expressed
exclusively in the neural system and regulates neuronal development. Jo Anne
Powell-Coffman created the ahr-1 (ia03) deletion allele and pJ360 construct for this study.
Chapter 3 is a research paper that has been submitted. The title is “The Caenorhabditis
elegans aryl hydrocarbon receptor controls expression of soluble guanylate cyclases in the
URX neurons and regulates social feeding behavior”. This paper demonstrates that ahr-1
controls the expression of 5 soluble guanylate cyclases in URX neurons and we provide
evidence that ahr-1 functions acutely in URX to promote aggregation behavior. Other
researchers in the laboratory were also involved in this study. Zhiwei Zhai constructed
Pgcy-37:GFP plasmid pZW2. Jo Anne Powell-Coffman contributed to experimental
design and to writing reports for publication or funding. In Chapter 4, I summarize the
major finding of my Ph.D. work, discuss the impact of this work to related research fields,

and provide insights to the prospects of ahr-1 studies.



Background
AHR as a xenobiotic sensor

The aryl hydrocarbon receptor (AHR) contains basic helix-loop-helix and PAS
domains and has important biological functions. AHR is well-known as a ligand activated
transcription factor and it mediates the adaptation responses and toxic responses for many
important environment pollutants (Crews, 2003). AHR ligands include polycyclic
aromatic hydrocarbons (PAH) and certain halogenated aromatic hydrocarbons (HAH).
Activated by PAHs, AHR induces the expression of a battery of xenobiotic metabolizing
enzymes (XMEs) that can metabolize PAHs, including cytochrome P450 CYP1Al,
CYP1A2, and CYPI1B1 as well as the phase II enzymes GST-Al and UGT1-06 (Schmidt
and Bradfield, 1996; Whitlock, 1999). This adaptation response to PAHs could be
deleterious, because the intermediate metabolites can mutate DNA and therefore are
carcinogenic (Stansbury et al., 1994). AHR null mice are resistant to the carcinogenicity
of benzo[a]pyrene, supporting the conclusion that AHR mediates the carcinogenic activity
of PAHs (Shimizu et al., 2000). Unlike PAHs, the most potent HAH
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is resistant to the metabolism of cytochrome
P450s (Nebert et al., 2000). The half-life of TCDD in human tissues is approximately 7
years (Pirkle et al., 1989). Exposure to dioxin causes pleiotropic defects in a variety of
vertebrates including birth defects, cancer, hepatotoxicity, immunological deficiencies,
cognitive impairment, reduction of feed intake, and death (Pohjanvirta and Tuomisto, 1994;
Birmbaum and Tuomisto, 2000; Mandal, 2005). The AHR knockout mice are resistant to
many of the deleterious effects of TCDD and related compounds (Fernandez-Salguero et al.,
1995; Mimura et al., 1997; Shimizu et al., 2000; Matikainen et al., 2001; Vorderstrasse et al.,
2001). Most of the toxic effects of TCDD are mediated by AHR (Hankinson, 1995;
Schmidt and Bradfield, 1996; Mandal, 2005).

The molecular mechanisms by which AHR mediates toxic effects have been

extensively studied. AHR and its nuclear dimerization partner, ARNT, are both members



of an evolutionarily conserved family of transcription factors that contain an N-terminal
basic-helix-loop-helix (bHLH) DNA-binding and dimerization motif, and a PAS domain,
named for its discovery in Drosophila Period, mammalian ARNT, and Drosophila
Singleminded (Crews and Fan, 1999; Gu et al., 2000). bHLH-PAS proteins control critical
cellular and developmental processes, including neuronal differentiation, circadian rhythm
regulation and response to hypoxia. In the absence of ligand, AHR resides in the
cytoplasm in a complex with 90 kDa heat shock proteins (HSP90), AHR-associated protein
9 (ARAY), p23 and additional chaperonins (Denis et al., 1988; Perdew, 1988; Carver and
Bradfield, 1997; Ma and Whitlock, 1997; Carver et al., 1998; Meyer et al., 2000; Petrulis
and Perdew, 2002). Upon binding ligand, the receptor translocates to the nucleus,
dissociates from HSP90, and forms heterodimers with ARNT (Reyes et al., 1992; Probst et
al., 1993). The AHR:ARNT complex binds to specific DNA sequences, termed xenobiotic
response elements (XREs, 5’ -G/TNGCGTGA/C- 3’), to regulate the expression of target
genes (Hankinson, 1995; Swanson, 2002). It is not fully understood how the inappropriate
expression of these target genes causes specific toxic effects of TCDD (Dalton et al., 2002;
Mimura and Fujii-Kuriyama, 2003; Uno et al., 2004; Xu et al., 2005).
AHR endogenous function

Although the studies of the AHR have been strongly biased to understanding its
xenobiotic sensor functions, several lines of evidence have demonstrated that AHR has
important endogenous functions. First, the toxicities of TCDD and related compounds
suggest that these chemicals are interfering with important physiological and developmental
functions in addition to inducing xenobiotic metabolizing enzymes. AHR mediates most
of these toxic effects of TCDD and related compounds (Hankinson, 1995; Schmidt and
Bradfield, 1996; Mandal, 2005). This suggests that AHR might have important
endogenous functions that regulate important developmental events and physiology.

Second, numerous studies have shown that AHR signaling can be activated in the

absence of exogenous ligands, as evidenced by the presence of nuclear AHR complex and



AHR-dependent response in ligand-untreated animals and cell cultures (Chang and Puga,
1998; Denison et al., 2002; Puga et al., 2002; Oesch-Bartlomowicz et al., 2005). The AHR
signaling could be activated by AHR endogenous ligands, or AHR may have
ligand-independent endogenous functions. Several endogenous chemicals have been
identified that can bind to AHR and/or activate AHR-dependent gene expression (Denison
and Nagy, 2003). However, it has not yet been demonstrated that these endogenous ligand
candidates regulate AHR function in vivo.

Third, AHR homologs have been identified in a variety of metazoan species, including
vertebrates and invertebrates (Hahn, 2002). AHR orthologs exist in many living vertebrate
representatives including mammals, reptiles, birds, amphibians and fish (Hahn, 2001).
Although living in very different chemical environments, many vertebrate species are
sensitive to TCDD and/or PAHs . The AHR of these species binds to TCDD and mediates
the cellular responses this toxic compound (Hahn, 2002). The conservation of AHR in
these vertebrate species suggests other important endogenous roles of AHR in addition to
sensing TCDD and other environmental chemicals. Invertebrate AHR has been found in C.
elegans, D. melanogaster, and molluscs (Duncan et al., 1998; Powell-Coffman et al., 1998;
Butler et al., 2001; Moore, 2002). These invertebrate AHR homologs contain highly
conserved bHLH and PAS domains, form protein complex with invertebrate ARNT, and
bind to conserved XRE sequences (Powell-Coffman et al., 1998; Emmons et al., 1999;
Butler et al., 2001). Interestingly, none of the invertebrate AHR protein specifically binds
to prototypical AHR ligands [3H]TCDD and [3H]BNF (Powell-Coffman et al., 1998; Butler
et al,, 2001). Instead, the function of either C. elegans AHR or Drosophila AHR is
required to regulate normal development (Duncan et al., 1998; Huang et al., 2004; Qin and
Powell-Coffman, 2004). Phylogenetic studies suggest that the original function of
ancestral AHR was to regulate animal development, and the xenobiotic sensor functions

might have first evolved in early jawed vertebrates (Hahn, 2002).



Fourth, four murine AHR alleles have been identified, including AR® Ahb'l, AK? and
AR (Poland and Glover, 1980; Ema et al., 1994; Poland et al., 1994). Compared with
other alleles, Ah? has lower binding affinity to a photoaffinity ligand
(**I)-2-azido-3-iodo-7,8-dibromodibenzo-p-dioxin, and AR? mice are less sensitive to PAHs
(Poland and Glover, 1990; Poland et al., 1994). Sequence analyses identified an amino
acid polymorphism in the ligand binding domain. A point mutation Al2*”>Val’” in AR?
correlates with its low ligand binding affinity (Chang et al., 1993; Ema et al., 1994; Poland
et al.,, 1994). However, no obvious physiological defects were noticed in the AR mice
(Crews, 2003). This suggests that AHR xenobiotic sensor function is not essential and
AHR might have an endogenous function.

Finally, the strongest evidence that AHR has important endogenous roles derives from
the analyses of AHR knockout mice. Several labs have independently developed AHR
null mice strains by using gene targeting approaches (Fernandez-Salguero et al., 1995;
Schmidt et al., 1996; Mimura et al., 1997). As expected, these AHR-deficient mice are not
responsive to AHR agonists and are not sensitive to TCDD (Fernandez-Salguero et al., 1995;
Schmidt et al., 1996; Mimura et al., 1997; Peters et al., 1999; Shimizu et al., 2000;
Vorderstrasse et al., 2001).  Although the reported phenotypes of AHR null mice are varied,
all of the null strains exhibit defects in liver development, decreased body size, and poor
fertility (Fernandez-Salguero et al., 1995; Schmidt et al., 1996; Mimura et al., 1997; Lahvis
and Bradfield, 1998; Benedict et al., 2000; Lahvis et al., 2000). Defects in hepatic vascular
development were reported in AHR and ARNT hypomorphs (Walisser et al., 2004).
Gestational exposure of these hypomorphs to dioxin between embryonic day 12.5 and
embryonic day 18.5 can rescue the defects in hepatic vascular development (Walisser et al.,
2004). This suggests that AHR signaling during embryonic development is required to
regulate vascular development. Recently, Walisser et al. (2005) shows that AHR’s liver
development function and hepatotoxicity function can be uncoupled into different cell types.

AHR functions in endothelial hematopoietic cells to regulate the vascular development,



whereas AHR is required in hepatocytes to generate toxic responses of the liver to dioxin
exposure (Walisser et al., 2005).
AHR functions in the neural system to mediate dioxin toxicities

AHR is expressed in many tissues, including the brain (Abbott et al., 1995; Jain et al.,
1998; Petersen et al., 2000). Dioxin, the most potent known AHR agonist, and related
compounds can dramatically impair brain physiology and development. One of the
characteristics of acute TCDD toxicity is progressive hypophagia that results in body weight
loss (Pohjanvirta and Tuomisto, 1994). The early anorexia and decline of weight of TCDD
treated rats are caused by depressed motivation to eat (Pohjanvirta and Tuomisto, 1994;
Unkila et al., 1995; Tuomisto et al., 1999). Lethal doses of TCDD affect the metabolism
of serotonin, a neurotransmitter that is capable to regulate food intake (Unkila et al., 1995).
This suggests that the central nervous system is a target of TCDD toxicity. The
mechanisms by which these TCDD toxicities are mediated are not understood.
Toxicological studies also suggest that inappropriate activation of AHR can alter cell fates
in the developing nervous system. Fetal exposure to TCDD can cause a range of
neurological defects in humans and other primates, including reduced cognitive abilities and
altered reproductive behaviors (Schantz and Bowman, 1989; Schantz et al., 1992; Peterson
et al., 1993; Patandin et al., 1999). AHR-activating ligands have been shown to cause
abnormal apoptosis in the zebrafish brain and asymmetrical brain development in the chick
(Henshel et al., 1997; Dong et al., 2001). TCDD exposure also minimizes sex-specific
differences in gene expression in certain rat GABAergic neurons (Hays et al., 2002).
However, the endogenous function of AHR in neural system is not understood.
C. elegans AHR

The C. elegans orthologs of AHR and ARNT are encoded by the ahr-1 and aha-1
genes (Powell-Coffman et al., 1998). Although they were first identified by sequence
similarity, AHR-1 and AHA-1 share similar biochemical features with their mammalian

cognates. AHR-1 and AHA-1 interact to bind DNA fragments containing xenobiotic



response elements (XRE, KNGCGTG) with sequence specificity, and AHR-1 interacts with
the 90 kDa heat shock protein (Hsp90) in vitro (Powell-Coffman et al., 1998). AHR-1 also
has specialized biochemical characteristics that are different from its mammalian cognate.
AHR-1 does not interact with another mammalian AHR-associated chaperonin
ARA9/AIP1/XAP2 (Bell and Poland, 2000). Like other invertebrate AHR homologs that
have been tested, AHR-1 does not bind to AHR ligand TCDD or f-naphthoflavone
(Powell-Coffman et al., 1998; Butler et al., 2001). No ligand of AHR-1 has been identified.
This suggests that AHR-1 does not possess a xenobiotic sensor function as its mammalian
cognate, and may have important endogenous functions. AHR-1 endogenous functions
may be ligand-independent or may be regulated by unknown ligands. Yeast expression
assays suggest that AHR-1 is not constitutively activated and that nuclear localization or
transcriptional  activation of AHR-1 requires post-transcription  modification
(Powell-Coffman et al., 1998). Understanding AHR-1 function and regulation in C.
elegans model system will provide great insight into the studies of AHR endogenous
function.
C. elegans as a model system for studying neural development and behavior

The nematode C. elegans is a powerful genetic model organism for studying neural
development and behavior. C. elegans strains can be cultured conveniently on agar plates
with bacterial food and maintained as frozen stocks (Wood, 1988). Because of the small
size (1 mm as an adult hermaphrodite), short generation time (3 days at 20°C), and the
existence of both males and self-fertilizing hermaphrodites, C. elegans has considerable
advantages for genetic analyses (Wood, 1988).  High density single-nucleotide
polymorphism (SNP) maps of different C. elegans isolates facilitate positional cloning

(Jakubowski and Kornfeld, 1999; Koch et al., 2000). The C. elegans genome has been

completely sequenced and well annotated (http://www.wormbase.org/). Genome-scale
studies are underway to characterize the expression and function of every gene by RNA

interference, microarrays, RNA in situ hybridization and yeast two-hybrid, and the data are
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deposited in publicly accessible databases (Tabara et al., 1996; Kim et al., 2001; Boulton et
al., 2002; Grant and Wilkinson, 2003; Kamath et al., 2003; Vaglio et al., 2003).

The nervous system of an adult C. elegans hermaphrodite consists of 302 neurons.
The morphology, chemical synapses, and gap junctions of all 302 neurons have been
determined by reconstruction of electron micrographs of serial sections (Albertson and
Thomson, 1976; White et al., 1976, , 1986; Durbin, 1987). Based on morphology and
connectivity, 302 neurons are classifted into at least 118 neuronal subtypes, with 1 to 13
members in each group (White et al., 1986). The entire cell lineage of C. elegans has been
determined (Sulston and Horvitz, 1977; Sulston et al., 1983). The high resolution maps of
neural anatomy and powerful genetic and molecular methods make it relatively easy to
study cell type specific gene function and neuronal development. Although the neuronal
system of C. elegans is relative simple, the worms exhibit a rich behavioral repertoire
(Hobert, 2003; de Bono and Maricq, 2005). Many reliable behavior assays have been
developed. Genetic screens for C. elegans behavior mutants have identified genes that are
required for the sensory signaling machines (receptors, channels, neurotransmitter), and the
development of groups of neurons that underlie specific behaviors (Hobert, 2003). Genes
that regulate behavioral plasticity without affecting neural development were also identified
(Hobert, 2003).
Summary

In addition to its roles in the adaptive response to PAHs and the pleiotropic toxic
response to dioxin, mammalian AHR possesses important endogenous functions to regulate
normal development and presumably physiological events. In recent years, it has become
clear that fully understanding the pleiotropic toxic effects of AHR ligands requires a better
understanding of the endogenous function of AHR (Crews, 2003). Toxicological studies
have shown that AHR functions in the neural system to mediate the toxic effects of TCDD.

However, the endogenous functions of AHR in the neural system are not understood. C.



elegans provides an attractive experimental system to study the function and regulation of

ancestral AHR in the neural system.
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CHAPTER 2

The C. elegans aryl hydrocarbon receptor, AHR-1, regulates neuronal

development.

A paper published in
Developmental Biology, 2004, 270(1): 64-75.

Hongtao Qin1 and Jo Anne Powell-Coffman?

ABSTRACT

The mammalian aryl hydrocarbon receptor (AHR) is a ligand-activated transcription
factor that mediates the toxic effects of dioxins and related compounds. Dioxins have been
shown to cause a range of neurological defects, but the role of AHR during normal neuronal
development is not known. Here we investigate the developmental functions of ahr-1, the
C. elegans aryl hydrocarbon receptor homolog. We show that ahr-1:GFP is expressed in a
subset of neurons, and we demonstrate that animals lacking ahr-1 function have specific
defects in neuronal differentiation, as evidenced by changes in gene expression, aberrant
cell migration, axon branching, or supernumerary neuronal processes. In ahr-1 deficient
animals, the touch receptor neuron AVM and its sister cell, the interneuron SDQR, exhibit
cell and axonal migration defects. We show that dorsal migration of SDQR is mediated by
UNC-6/Netrin, SAX-3/Robo, and UNC-129/TGF , and this process requires the functions

of both ahr-1 and its transcription factor dimerization partner aha-I. We also document a
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role for ahr-1 during the differentiation of the neurons that contact the pseudocoelomic fluid.
In ahr-1-deficient animals, these neurons are born, but they do not express the cell type
specific markers gcy-32:GFP and npr-1:GFP at appropriate levels. Additionally, we show
that ahr-1 expression is regulated by the UNC-86 transcription factor. We propose that the
AHR-1 transcriptional complex acts in combination with other intrinsic and extracellular
factors to direct the differentiation of distinct neuronal subtypes. These data, when
considered with the neurotoxic effects of AHR-activating pollutants, support the hypothesis

that AHR has an evolutionarily conserved role in neuronal development.
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INTRODUCTION

During multicellular development, individual cells integrate instrinsic and extracellular
signals as they execute developmental programs. Certain manmade pollutants perturb these
processes and are hazards to human health. They can also be keys to deciphering normal
developmental programs. The study of dioxin toxicity led to the identification of the aryl
hydrocarbon receptor (AHR), a ligand-activated transcription factor, as an important
regulator of cell fates. Dioxins and related compounds have been shown to cause birth
defects, cancer, hepatotoxicity, or immunological deficiencies in a variety of vertebrates.
Most, if not all, of these pathologies are due to inappropriate activation of AHR (Schmidt
and Bradfield, 1996; Whitlock, 1999). AHR is expressed in many cell types, including the
brain (Abbott et al., 1995; Jain et al., 1998; Petersen et al., 2000). Genetic studies in mice
have confirmed that loss of AHR function results in slow growth and reduced fertility
(Fernandez-Salguero et al., 1995; Mimura et al., 1997; Schmidt et al., 1996). However, the
cellular and developmental requirements for AHR in most tissues are not understood.

AHR and its nuclear dimerization partner, ARNT, are both members of a family of
transcription factors that contain an N-terminal basic-helix-loop-helix (bHLH)
DNA-binding and dimerization motif, and a PAS domain, named for its discovery in
Drosophila Period, mammalian ARNT, and Drosophila Singleminded (Gu et al., 2000). In
the absence of ligand, AHR resides in the cytoplasm in a complex with 90 kDa heat shock
proteins (HSP90) and additional chaperonins (Carver and Bradfield, 1997; Denis et al., 1988;
Ma and Whitlock, 1997; Meyer et al., 2000; Perdew, 1988). Upon binding ligand, the
receptor translocates to the nucleus, dissociates from HSP90, and binds ARNT (Probst et al.,
1993; Reyes et al., 1992). The AHR:ARNT complex binds to specific DNA sequences to
regulate the expression of target genes (Hankinson, 1995).

The most potent known AHR agonist is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).

TCDD can cause birth defects, cancer, hepatotoxicity, immunological deficiencies, or death
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(Schmidt and Bradfield, 1996). Fetal exposure to TCDD can cause a range of neurological
defects in humans and other primates, as evidenced by reduced cognitive abilities and
altered reproductive behaviors (Patandin et al., 1999; Peterson et al., 1993; Schantz and
Bowman, 1989). AHR-activating ligands have been shown to cause abnormal cell death in
the zebrafish brain and asymmetric brain development in the chick (Dong et al., 2002;
Henshel et al., 1997). TCDD exposure also minimizes sex-specific differences in gene
expression in certain rat GABAergic neurons (Hays et al.,, 2002). These toxicological
studies suggest that inappropriate activation of AHR can alter cell fates in the developing
nervous system.

Multiple laboratories have disrupted the mouse AHR gene. As expected,
AHR-deficient mice are resistant to many of the deleterious effects of AHR-activating
pollutants (Fernandez-Salguero et al., 1995; Matikainen et al., 2001; Mimura et al., 1997,
Schmidt et al., 1996; Shimizu et al.,, 2000; Vorderstrasse et al., 2001). All of the
AHR-deficient strains show reduced growth, reproduction, and survival. Additionally,
defects have been reported in the liver, heart, ovary, and the vascular and immune systems
(Benedict et al., 2000; Fernandez-Salguero et al., 1995; Lahvis et al., 2000; Schmidt et al.,
1996). These analyses suggest that AHR has important developmental functions that may
be instructed by endogenous ligands. This hypothesis is further supported by the recent
identification and biochemical characterization of an AHR-activating ligand in lung (Song
et al., 2002).

We have investigated AHR function and regulation in a genetic model system, the
nematode C. elegans. The C. elegans orthologs of AHR and ARNT are encoded by the
ahr-1 and aha-1 genes (which encode the AHR-1 and AHA-1 proteins) (Powell-Coffman et
al., 1998). Here, we demonstrate that the functions of C. elegans ahr-1 and aha-1 are
required to direct the differentiation of specific neurons. We describe requirements for
ahr-1 during the migration and differentiation of AVM and SDQR, two neurons in the Q

lineage. Addtionally, we present evidence that AHR-1 acts downstream of UNC-86 in a
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transcriptional cascade that activates expression of the gcy-32 soluble guanylyl cyclase and

the npr-1 neuropeptide receptor in the neurons that mediate social feeding.
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Materials and Methods

C. elegans culture and genetic analyses

C. elegans were cultured using standard methods (Brenner, 1974). The wild-type
parent for most strains used in this study was C. elegans var. Bristol strain N2. The
following mutant alleles were used in this study: LGI: ahr-1 (ia03), aha-1 (ia0l1), unc-40
(n473), unc-40 (el430); LGII: unc-86 (n306), unc-86 (n846); LGIV: unc-5 (e53),
unc-129 (ev557); LGX: npr-1(nl335), sax-3 (kyl23), unc-6 (ev400).

Previously published strains carrying cell-type-specific GFP reporters were also used
in this study. They include NWI1229 [F25B3.3::GFP(evis11l) ] , TU2589
[mec-18::gfp(uls25)V], and DAI1295 [gcy-32::gfp(adEX1295) 1 (Yu et al., 1997;
Altun-Glutekin et al., 2001; Wu et al., 2001).

To isolate ahr-1 (ia03) mutations, N2 worms were treated with ethyl methansulfonate
and allowed to self-fertilize. Polymerase chain reaction (PCR) was used to detect ahr-1
deletions in the descendents of the mutagenized animals (Jansen et al., 1997). The ia03
allele was backcrossed to wild type seven times before any phenotypic analyses were
performed. RT-PCR was used to amplify cDNA fragments from ia03 homozygotes. A

cDNA was detected in which exon 3 was spliced to exon 8, resulting in a frameshift and an

early translational stop.

Construction of reporter genes

The pJ360 ahr-1::gfp plasmid was constructed as follows: A 15,579 bp HindIII
genomic fragment containing the entire ahr-1 coding sequence and 3287 bp of sequence 5'
to the translational start codon was ligated into the HindIII site of T7/T3 18, creating
pJ301. To remove part of the polylinker sequence, this vector was cut with Sall and Smal,
treated with Klenow, and religated. The resulting construct was cut with BstXI (codon 496,

3' to the PAS domain), and a linker containing a Xmal site was added (5'
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TAGCCCGGGGTCGACAGC) to create pJ356. The Agel-Xmal GFP-encoding fragment
from pPD95.02 was ligated into the Xmal site of pJ356 to generate the pJ360 ahr-1:gfp
fusion construct. To make the pHT102 ahr-1::gfp plasmid, a 5377bp HindIll - BamHI
genomic fragment, including over 3 kb of sequence 5' to the translational start codon, exonl,
intron 1, and part of exon 2, was ligated into the HindIIl and BamHI sites of the pPD95.75
GFP expression vector. A. Fire (Carnegie Institute) kindly provided the vectors containing
GFP cassettes.

Transgenic strains carrying ahr-1::gfp constructs were obtained by microinjecting
plasmid DNA into the germline of N2 animals following standard procedures. The rol-6
plasmid pRF4 was used as the co-injection marker in each case (Mello et al., 1991). The
strains analyzed for this study include: ZG93: ials2 (pJ360) and ZG102: iaEx102

(pHT102).

Identification of GFP-expressing cells and phenotypic analyses

C. elegans were mounted on 4% agarose pads in M9 buffer containing 10 mM sodium
azide, and observed by DIC microscopy or fluorescence microscopy on a Nikon E800
microscope connected to a Spot RT digital camera (Roche Diagnostics). For some figures,
images were captured on an inverted Nikon Eclipse microscope connected to a Prairie
Technologies (Middleton, WI) Scanning Laser Confocal Microscope controlled by Prairie
Technologies software. Iméges were analyzed and reconstructed into a single plane for
presentation using Metamorph software (Universal Imaging, West Chester, PA).  Cells
were identified according to the size and the shape of their nuclei, the morphology of their
processes, and their absolute and relative positions. The gcy-32::gfp and mec-18::gfp
markers were used to confirm the identity of some neurons (Yu et al., 1997; Wu et al., 2001).
The positions of AVM and PLM in various mutant backgrounds were assayed in animals

expressing the mec-18:gfp marker.
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SDQR cell position was scored in animals carrying the F25B3.3::gfp panneural marker
(Altun-Gultekin et al., 2001). Dorsal migration of the SDQR cell was scored as defective
if SDQR was ventral to the ALMR-associated axon. If the position of SDQR was close to
that of AVM, then we used two criteria to distinguish between the two cells.  First, if only
one of the two cells extended an axon ventrally to the ventral nerve cord, then that cell was
scored as AVM. Second, if other characteristics did not distinguish the two cells, then the
cell body with the more dorsal and anterior position was scored as SDQR. The
anterior-posterior positions of SDQR and AVM relative to Vn.a and Vn.p epidermal cells
were scored between 13 and 15 hours after hatching. To study GFP fluorescence in the
URX, AQR, and PQR cells, the arrays in the ZG102 and DA1295 strains were crossed into
the ahr-1- or unc-86-deficient genetic backgrounds.

Social feeding assays were performed as previously described (de Bono et al., 2002).
Eighty worms were scored in each experiment. Each genotype was assayed in 6

independent experiments.
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RESULTS

ahr-1:GFP expression in a subset of neurons

To identify cells that express AHR-1, we made reporter genes in which the expression
of GFP-tagged fusion proteins are directed by ahr-I regulatory sequences. The pJ360
construct includes the entire ahr-I genomic sequence (Fig. 1A), and transgenic animals
express this fusion protein in a subset of neuronal nuclei. Expression from pJ360 rescues
specific defects in ahr-1-deficient animals (see below for details). Nuclear localization of
this GFP-tagged AHR-1 protein indicates that AHR-1 is in the appropriate subcellular
localization to be a transcriptional regulator. To facilitate the identification of fluorescing
cells, we constructed a second reporter. The pHT102 transgene lacks most of the ahr-1
coding sequence and labels axons as well as nuclei (Fig. 1). Both ahr-1:GFP reporters are
expressed during embryonic and larval development. Expression is first detected in 2 cells
260 minutes after the first cleavage. By midembryogenesis (pre-comma stage), 14 cells
express the pJ360 ahr-1:GFP fusion gene. At the two-fold stage of embryogenesis, two
cells express ahr-1:GFP in the tail, and the remaining fluorescing cells are in the forming
head. We have identified all of the cells that detectably express pJ360 during the first
larval stage. ahr-1:GFP is expressed in twenty-eight neurons, several blast cells, and two
phasmid socket cells. The neurons that express ahr-1:GFP include ALNR / ALNL, AQR /
PQR, AVM / PVM, BDUR / BDUL, PLMR / PLML, PLNR / PLNL, PHCL/PHCR,
PVWL/PVWR, RMEL/RMER, SDQR / SDQL, and URXR / URXL. (With few
exceptions, the C. elegans nervous system is bilaterally symmetrical. For example, ALNR
and ALNL are the right and left ALN neurons, respectively.) These neurons belong to
multiple neuronal subtypes, including touch receptor cells, interneurons, and neurons that
contact pseudocoelomic fluid. The T.pa, T.ppa, and T.ppp blast cells in the tail express
ahr-1:GFP, as do all of their descendents, including the PHsol and PHso2 phasmid socket

cells. ahr-1:GFP is also expressed in the MI and I3 neurons in the pharynx and the G2 and
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W blast cells. Four additional cells in the head express ahr-1:GFP, and we have tentatively
identified them as the ASK and RIP neurons.

Six of the ahr-1:GFP-expressing neurons arise from the Q neuroblasts. At hatching,
C. elegans larvae contain 2 Q neuroblasts: QR (on the right side) and QL (on the left side).
During the first larval stage, QR migrates anteriorly, and QL migrates posteriorly. We did
not detect ahr-1:GFP expression in QR or QL, but the ahr-1:GFP transgenes are expressed
in all of the descendents of these neuroblasts during migration and differentiation. In most
animals, expression of ahr-1:GFP is detectable before the QR daughters migrate to a
position anterior to the V4 hypodermal precursor cell. (The migration of QR descendents
is diagrammed in Figure 2A.) QR descendents form the AQR, SDQR, and AVM neurons
(Fig 2A). QL gives rise to the PQR, SDQL, and PVM neurons (Sulston and Horvitz,
1977). Each neuron adopts a distinct cell fate, characterized by cellular location, axon

projection, or cell-type-specific gene expression.

Neuronal requirements for AHR-1 and its transcriptional partner, AHA-1

To examine the role(s) of ahr-1 during neuronal development, we generated a library
of mutagenized C. elegans and identified a strain carrying a 1517 bp deletion in the ahr-1
gene. This mutation removes sequence from 205 bp 5’ of exon 4 to 30 bp 5’ of exon 8§,
including most of the PAS domain, and it introduces a premature translational stop codon
(Fig. 2B). It is likely a strong loss-of-function allele. In support of this, C. elegans
carrying the ahr-1 (ia03) deletion in trans to mnDfI11, a large deficiency in the region, have
SDQR defects similar to those found in ahr-1 (ia03) homozygotes (see below). Animals
that are homozygous for the ahr-1 (ia03) mutation are viable and exhibit subtle locomotive
defects. They do not have dramatic defects in life span, fecundity, or dauer formation.

To characterize the cellular requirements for ahr-1, we introduced cell-type-specific
markers into ahr-1 (ia03) mutants. We observed cell and axonal pathfinding defects in the

AVM and SDQR neurons. SDQR and AVM are sister cells that arise from the division of
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QR.pa (Fig 2A). SDQR migrates dorsally and anteriorly to a position on the axon tract
associated with ALMR and ALNR. The SDQR interneuron then extends a single axon to
the dorsal sublateral nerve (Fig. 1D). AVM migrates ventrally and anteriorly, and it
extends a single axon to the ventral nerve cord (Figs. 1C, 2A). AVM and SDQR are often
displaced posteriorly in ahr-1 (ia03) mutants (Figs. 2C, D). The ahr-1 (ia03) animals also
exhibit a range of defects in AVM axonal pathfinding and morphology. In 5% of the 211
mutant worms examined, the AVM cell extended 2 neuronal processes, and in each case,
one of the processes was directed posteriorly. In 11% of the AVM cells that projected a
single axon from the cell body, the initial extension was directed posteriorly, rather than
ventrally. In 7% of the ahr-1 (ia03) animals, the AVM axon branched, a defect that was
very rare in wild-type animals (0.6%; n = 180). These data indicate that ahr-1 function is
required to direct AVM differentiation and to instruct the response of the AVM cell and
axon to external guidance cues.

ahr-1 also has a role in the development of the PLM neurons. Like AVM and PVM,
the PLM neurons are touch receptor cells, and they express the mec-18:GFP marker (Wu et
al., 2001). In wild-type animals, the PLMR and PLML cell bodies are located at the
posterior edge of the lumbar ganglia in the tail, and several nuclei are visible between either
PLM cell body and the anus (100%; n = 91; Fig. 3A). Each PLM neuron extends a
posterior dendritic process and an anteriorly directed axon (White et al., 1986). In 35% of
ahr-1 (ia03) animals examined, at least one of the PLM cell bodies was displaced to a
position as anterior as the anus (Fig 3C,D). In some cases, an additional
mec-18:GFP-expressing “PLM cell” was present (Fig 3E,F).  Although this phenotype was
rare (4 cases in 120 animals), it is notable, since it indicates that loss of ahr-1 function may
cause lineage defects or disrupt programmed cell death.

Defects in SDQR cell and axonal migration are highly penetrant in ahr-1-defective
animals. In 53% of ahr-1 (ia03) mutants, SDQR fails to migrate dorsally to the

ALMR-associated nerve (Fig 4B, D, E).  Although some cells migrate to the appropriate
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dorsal-ventral position, 91% of those SDQR neurons exhibit axonal pathfinding defects.
In ahr-1 (ia03) mutants, the SDQR axon did not “wander” randomly. Instead, it usually
projected anteriorly. In many cases, the initial projection was dorsal or ventral, but the
axon would usually associate with a lateral nerve and turn anteriorly. The expression of
AHR-1:GFP by the pJ360 transgene restores dorsal guidance of SDQR in ahr-1 (ia03)
animals (Fig. 4E). The mutant phenotype is also rescued by an fusion of ahr-1 genomic
and cDNA sequences that lacks introns 3 — 10 (data not shown).

In many ahr-1- or aha-1-deficient animals, SDQR migrates to a position close to that
of its sister, AVM. In some cases, axons from both cells project anteriorly, rather than
dorsally or ventrally (for example, see Figs. 4B, D). We examined the expression of
mec-18:GFP, which is normally expressed in AVM, but not SDQR (Wu et al. 2001). The
normal mec-18:GFP expression pattern is maintained in ahr-1 mutant animals. This shows
that SDQR and AVM adopt distinct fates in the absence of ahr-1 function.

AHR-1 is known to bind DNA as a heterodimer with the AHA-1 bHLH-PAS
transcription factor in vitro (Powell-Coffman et al., 1998). To further test the model that a
AHR-1:AHA-1 DNA-binding complex directs neuronal development, we examined SDQR
migration in aha-I-deficient animals. aha-1 (ia0l) is a predicted null allele, and C.
elegans that are homozygous for the ia0l mutation arrest development as young larvae.
Viability can be restored by the pHJ32 transgene, which directs expression of aha-I in most
non-neuronal pharyngeal cells (Jiang, Wu, and Powell-Coffman, manuscript in preparation.)
aha-1 (ia0l) arrested larvae and aha-1 (ia0l) mutants rescued by the pHJ32 transgene
exhibit defects in SDQR dorsal-ventral pathfinding (Fig. 4E). Thus, SDQR differentiation,
as assayed by cellular migration, requires the functions of both ahr-1 and aha-1. This

represents genetic evidence that AHR-1 and AHA-1 interact to regulate SDQR

development.

Genetic requirements for dorsal-ventral guidance of SDQR



31

Prior studies have shown that dorsal migration of the SDQR cell and axon is mediated
by UNC-6/netrin and the UNC-5 and UNC-40 netrin receptors. SDQR pathfinding defects
in unc-6 mutants are not fully penetrant, and this has suggested that extracellular signals
other than netrin direct SDQR migration (Kim et al., 1999). We noted similarities between
the SDQR cell migration phenotypes in ahr-1 (ia03) animals and in unc-6 loss-of-function
mutants. This raised the possibility that the AHR-1:AHA-1 transcriptional complex might
modulate response to the UNC-6/ netrin signal. A nonexclusive alternative is that AHR-1
mediates cellular responses to one or more other pathfinding signals. The SLT-1/Slit and
UNC-129/TGF  guidance cues have also been shown to mediate dorsal-ventral
pathfinding in C. elegans, but their roles in SDQR migration have not been assessed
(Colavita et al., 1998; Hao et al., 2001; Zallen et al., 1998). To more fully understand
dorsal-ventral guidance of SDQR and the role of AHR-1 in this process, we compared the
ahr-1 (ia03) mutant phenotype to those in animals deficient in unc-5, unc-6, unc-40, sax-3,
or unc-129. The migration defects we observed in unc-5, unc-6, or unc-40 mutants (Fig. 5)
are in agreement with previously published analyses (Kim et al., 1999). In animals lacking
unc-129 function, SDQR failed to migrate to a dorsal position in 34% of the animals
assayed (Fig. 5A; n = 130). sax-3, which encodes the receptor for SLT-1, also mediates
SDQR cell migration. SDQR migrated to a position ventral to ALMR in 17% of
sax-3-defective animals (n = 203). Double mutant analyses indicate that ahr-1 (ia03)
enhances the SDQR cell migration defects caused by presumed null mutations in unc-5,
unc-6, unc-40, sax-3, or unc-129 (Fig. 5; p <0.008).

We also examined axon migration patterns. Since the milieu of extracellular guidance
cues changes along the dorsal-ventral axis of the worm, we distinguished between
projections from dorsally- and ventrally-located SDQR cells. In the absence of ahr-1
function, dorsally-located SDQR cells usually project a single axon anteriorly, and dorsal
axon migration is rare (Fig 5B). By this measure, the axon migration phenotype of ahr-1

(ia03) animals differs from that of the other mutants examined (Fig. 5B). The axon of a
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ventrally located SDQR cell projects dorsally 56% of the time in an ahr-1-deficient animal.
This is another distinction between ahr-1 (ia03) mutants and animals lacking unc-5, unc-6
or unc-40 function. Most ventrally located SDQR cells in wunc-5-, unc-6-, or
unc-40-deficient animals have ventral axon projections (Fig 5C). Axon migration defects
in sax-3 (ky123) or unc-129 (ev557) mutants are less severe than those in ahr-1 (ia03).
AVM axon migration defects are enhanced by the ahr-1 (ia03) mutation in an unc-6
mutant background. Double mutants lacking unc-6 and ahr-I function exhibit more
extensive branching of neuronal processes than either single mutant (data not shown).
Collectively, these data indicate that ahr-1 has functions in SDQR and AVM that are

independent of Netrin signaling.

ahr-1 regulates a subset of the URX, AQR, and PQR differentiation program

The ahr-1:GFP-expressing cells AQR, PQR, URXL, and URXR are an interesting
subclass of neurons. They directly contact the pseudocoelomic fluid in the body cavity,
and they have been shown to have a role in social feeding behavior (Coates and de Bono,
2002). In the wild, some C. elegans feed in groups, while other strains are solitary feeders
(Hodgkin and Doniach, 1997). This behavioral trait is regulated by NPR-1, a
G-protein-coupled neuropeptide receptor (de Bono and Bargmann, 1998). Animals
carrying a strong loss-of-function allele of npr-1 clump together on the bacterial food source.
Solitary feeding behavior can be restored by expression of wild type NPR-1 in AQR, PQR,
and URX (Coates and de Bono, 2002). Using a panneural marker and ahr-1:GFP, we
determined that AQR, PQR, and URX are formed in ahr-1 (ia03) animals. We examined
two markers, gcy-32:GFP and npr-1.GFP, to assess the role of ahr-1 in the differentiation of
this neuronal subclass. gcy-32 encodes a soluble guanylyl cyclase gene. In wild-type
animals, gcy-32:GFP strongly and specifically labels the AQR, PQR, and URX neurons (Yu
et al.,, 1997). As shown in Tables 1 and 2, ahr-I-defective animals do not express

gcy-32:GFP at high levels.
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We compared the expression of a npr-1:GFP translational fusion (Coates and de Bono,
2002) in wild-type and ahr-1-deficient animals. In a wild-type genetic background, the
npr-1:GFP translational fusion is detectable in 84% of URX cells (n =134). In ahr-1 (ia03)
animals, npr-1:GFP expression is detectable in only 3.6% of URX cells (n = 112).
Expression of npr-1:GFP is also diminished in AQR and PQR.

To further assess the differentiated state of AQR, PQR, and URX in ahr-1 (ia03)
animals, we compared the ahr-1 phenotype to the effects of egl-2-mediated inactivation of
these neurons. Certain gain-of-function mutations in the EGL-2 potassium channel cause
the channel to open at inappropriate voltages, thereby dramatically compromising neuronal
function (Weinshenker et al., 1999). Coates and de Bono (2002) have shown that
expression of egl-2 (gf) in AQR, PQR, and URX almost completely suppresses social
feeding behavior in npr-I-deficient animals. We reasoned that if a loss-of-function
mutation in ahr-1 resulted in decreased npr-1 expression but did not dramatically inhibit
AQR, PQR, URX differentiation, then ahr-1 (ia03) animals would be expected to feed in
groups. However, if deletion of ahr-I were equivalent to genetic inactivation of this
neuronal subclass, then ahr-1 (ia03) would suppress npr-1-mediated social feeding behavior.
We report that only 1.9% of ahr-1 (ia03) animals feed in groups, while 53% of npr-1
(n1353) animals form groups on the bacterial food source. Further, npr-I-mediated
clumping on food is suppressed by mutation of ahr-1: 24 % of ahr-1 (ia03); npr-1 (n1353)
double mutants feed in groups. These data suggest that AQR, PQR, and URX have

decreased function in ahr-1 (ia03) animals, but are not completely inactivated.

Regulation of ahr-1 expression by UNC-86

UNC-86 is a POU-domain-containing transcription factor that is required for the
specification of certain neuroblast lineages and neuronal cell fates (Finney and Ruvkun,
1990). Three lines of evidence suggested to us that AHR-1 might act downstream of the

UNC-86 transcription factor to regulate the differentiation of neuronal subtypes. First, the
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ahr-1:GFP-expressing cells that we have identified here include a subset of the 57
post-mitotic neurons that express UNC-86. Second, appropriate differentiation of many of
these neurons requires the functions of both UNC-86 and AHR-1. The unc-86-defective
phenotype is much more severe than that seen in ahr-1 mutants. For example, in animals
lacking unc-86 function, QR.p and QL.p reiterate the fates of their respective mother cells.
As a consequence, additional cells are formed with AQR / PQR characteristics, and AVM,
PVM, SDQR, and SDQL are not born (Finney and Ruvkun, 1990). These loss-of-function
phenotypes suggest that, if the two proteins function in a regulatory cascade to direct
neuronal development, UNC-86 acts upstream of AHR-1. Third, in animals that lack
unc-86 function, the URX cells are present, but they fail to express the gcy-32:GFP marker
(Rohrig et al., 2000). As shown in Table 2, expression of gcy-32:GFP also requires ahr-1.

To explore the regulatory relationship between UNC-86 and AHR-1, we examined the
expression of ahr-1:GFP in unc-86 mutants, and we found that high levels of ahr-1:GFP
expression in URX require unc-86 function (Table 2). Thus, in URX, UNC-86 regulates
ahr-1 expression, and AHR-1 positively regulates the expression of gcy-32:GFP and
npr-1.GFP.

To determine whether ahr-1 expression is autoregulated, we compared expression of
the ahr-1:GFP reporter in wild type and ahr-I (ia03) animals. We observed that
ahr-1:GFP was expressed at slightly lower levels in the absence of ahr-1 function. As
shown in Table 2, in URX, the ahr-1 (ia03) mutation has less impact on ahr-1:GFP

expression than do the unc-86 strong loss-of-function mutations.
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DISCUSSION

Prior studies have shown that dioxins and other compounds that inappropriately
activate AHR are neurotoxic to a range of vertebrate species, including humans (Dong et al.,
2002; Hays et al., 2002; Henshel et al., 1997; Patandin et al., 1999). Here, we demonstrate
that C. elegans AHR-1 has important roles in normal neuronal development. ahr-1:GFP
reporters are expressed in a subset of neurons, and C. elegans containing a deletion in the
ahr-1 gene have specific defects in neuronal differentiation, including altered morphology,
failure to express cell-type-specific markers (i.e. gcy-32:GFP and npr-1:GFP), or defects in
cell and axonal migration. These data suggest that an ancestral AHR gene regulated

neuronal development and that some of these functions may have been evolutionarily

conserved.

Role of AHR-1 in neuronal development

The nervous system of an adult C. elegans hermaphrodite consists of 302 neurons,
including at least 118 neuronal subtypes (White et al., 1986). Each individual neuron is
defined by its developmental history, cell and axonal morphology, synaptic connections,
and gene expression pattern. Mutational studies have demonstrated that transcription
factors play key roles during the specification and differentiation of neuronal cell fates in C.
elegans (Ruvkun, 1997; Hallam et al., 2000; Sarafi-Reinach et al., 2001; Altun-Gultekin et
al., 2001). The molecular bases of neural subtypes have also been studied intensively in
Drosophila and vertebrate central nervous systems, and current models suggest that
neuronal cell fates are defined by the expression and activation of unique combinations of
transcription factors (Jurata et al., 2000; Shirasaki and Pfaff, 2002). The data presented
here suggest that in C. elegans, the AHR-1 transcriptional complex has critical roles in the

differentiation programs of several neurons belonging to multiple subtypes.
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We propose that ahr-1 function is required for a subset of the URX, AQR, and PQR
differentiation programs. These neurons contact the psuedocoelomic fluid and regulate
social feeding behavior. In these cells, AHR-1 acts downstream of UNC-86 to activate the
expression of at least two cell-type-specific markers: gcy-32:GFP and npr-1:GFP.
Genetic inactivation of URX, AQR, and PQR almost completely suppresses npr-1-mediated
clumping behavior (Coates and de Bono, 2002). In contrast, the ahr-1 (ia03) mutation
only partially suppresses this behavior.

The AVM and PLMR/L touch receptor cells also develop aberrantly in ahr-1 (ia03)
mutants, as evidenced by cell and axonal migration defects in AVM and mispositioning of
PLM. Expression of the touch cell-specific markers mec-18:GFP and mec-7:GFP is not
disrupted in ahr-1 (ia03) mutants. This suggests that AHR-1 acts in concert with other
intrinsic and extracellular factors to execute the AVM and PLM developmental programs.
The presence of an “extra PLM cell” in some mutants is very intriguing. This phenotype
suggests at least two hypotheses. Two close lineal relatives of PLM undergo
programmed cell deaths. ahr-1 function might be required to efficiently implement these
deaths. This model is consistent with other studies that have shown that AHR-activating
ligands can induce the death of mouse ovarian cells or zebrafish brain cells (Dong et al.,
2002; Matikainen et al., 2001). Alternatively, loss of ahr-1 may cause another cell, such as
ALN, to inappropriately adopt the PLM fate. Since the “extra PLM cell” phenotype is

relatively rare, it will be challenging to distinguish between these models by lineage studies.

AHR-1:GFP is also expressed in RMEL and RMER. The RME motor neurons
control head movements and express the neurotransmitter GABA. X. Huang and Y. Jin
isolated another loss-of-function allele of ahr-1 in a screen for mutations that alter RME cell
fates. In collaboration with our research group, they have shown that in the absence of
ahr-1 or aha-1 function, RMEL and RMER adopt fates similar to those of RMEV and
RMED. Further, ectopic expression of ahr-1 in RMEV and RMED can transform these
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cells into RMEL/V-like neurons (Huang et al., 2004). This strengthens the model that

AHR-1 and AHA-1 interact to regulate neuronal cell fate specification.

Regulation of AHR-1 expression by the UNC-86 transcription factor

In some cells, ahr-1 is regulated by the UNC-86 transcription factor. ahr-I-deficient
worms exhibit defects in AVM, AQR, SDQR, PLMR/L, PQR, and URXR/L.. The identity
of each of these neurons is also instructed by unc-86 (Finney and Ruvkun, 1990; Rohrig et
al., 2000). The defects in unc-86-deficient animals are more severe than those in ahr-1
(ia03) mutants. This suggests that if UNC-86 and AHR-1 function in a common pathway,
AHR-1 is downstream of UNC-86.

We tested the hypothesis that ahr-1 expression in URX is regulated by UNC-86 by
comparing ahr-1:GFP fluorescence in wild type and unc-86-deficient animals. We found
that normal levels of ahr-I:GFP expression in these cells requires unc-86 function.
Moreover, C. elegans carrying null mutations in ahr-1 or unc-86 fail to express the
gcy-32:GFP reporter at wild-type levels. Interestingly, sequences 5’ to the ahr-1
translational start include consensus UNC-86 binding sites (5 CATnnnA/TAAT), while the
C. elegans genomic sequences in the gcy-32:GFP reporter do not. The gcy-32:GFP
regulatory region does contain two possible binding sites for the AHR-1 transcriptional
complex (57 KnGCGTG). Collectively, these data support a model in which UNC-86 acts
upstream of AHR-1 in a transcriptional cascade to activate gcy-32 expression in URX.

Recent studies indicate that expression of ahr-I mRNA expression is negatively
regulated by the MEC-3 transcription factor in touch receptor cells (Zhang et al., 2002).
MEC-3 is an important regulator of touch cell fate, and it interacts with UNC-86 to regulate
gene expression (Duggan et al., 1998; Way and Chalfie, 1988; Xue et al., 1993). Chalfie
and colleagues recently examined MEC-3-dependent gene expression in cell populations
highly enriched for ALMR/L and PLMR/L touch receptor neurons. They found ahr-1

mRNA was expressed at a 2-fold higher level in mec-3 mutants relative to wild-type C.
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elegans (Zhang et al., 2002). We compared the expression of ahr-1:GFP in wild-type and
mec-3-deficient animals, and did not observe any dramatic differences. This is not
inconsistent with the 2-fold difference reported in the microarray studies. We note that the
first intron of ahr-1 contains a predicted binding site for the UNC-86:MEC-3 complex (5’
CATCGAAATCCATTG:; bases identical to the UNC-86:MEC-3 binding site in mec-3 are

underlined). These findings suggest that MEC-3 and UNC-86 may act cooperatively to

repress ahr-1 transcription in cells such as PLMR/L.

SDQR migration

Prior studies had demonstrated that dorsal-ventral guidance of SDQR is directed by
UNC-6/ Netrin (Kim et al., 1999). Our data indicate that at least two other pathways direct
SDQR cell and axon migration. Loss-of-function mutations in either the sax-3/Robo
receptor or the unc-129 ligand result in failure of SDQR to migrate to its appropriate dorsal
position. This defect is less penetrant in sax-3 or unc-129 mutants than in unc-6-deficient
animals, and this indicates that SDQR is more reliant on the UNC-6/Netrin guidance cue
than on the other two pathways.

ahr-1 (ia03) animals have highly penetrant SDQR cell and axonal migration defects.
Interestingly, SDQR axon migration defects in ahr-1 (ia03) animals appear to be distinct
from that of the other mutants tested, and the cell migration defects caused by predicted null
mutations in unc-5, unc-6, unc-40 are enhanced by the ahr-1 (ia03) deletion mutation.
aha-1, the gene that encodes the AHR-1 transcriptional dimerization partner, is also
required to direct migration of the SDQR cell. These data suggest a model in which the
AHR-1:AHA-1 complex regulates a fraction of the gene expression pattern that defines
SDQR, and animals deficient in ahr-I or aha-1 function may respond inappropriately to
developmental signals.

Other studies have shown that cell-type-specific responses to the UNC-6/Netrin and

SLT-1/Slit signals are dependent upon networks of interacting proteins and intracellular
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second messengers (Hao et al., 2001; Huang et al., 2002; Yu et al., 2002). Mutation of the
UNC-2 or EGL-19 voltage-gated calcium channels has been shown to cause mispositioning
of SDQR and AVM (Tam et al.,, 2000). A full understanding of how the AHR-1
transcriptional complex influences the differentiation of SDQR will ultimately require the

identification of AHR-1 target genes and characterization of their respective functions.

Comparative analyses of AHR regulation and function

Studies of AHR in evolutionarily divergent model systems will likely elucidate the
ancestral functions of AHR, and they may identify conserved AHR interacting proteins.
AHR homologs from C. elegans, Drosophila melanogaster and soft-shell clam share
compelling molecular and biochemical similarities to mammalian AHR. These proteins
contain basic-helix-loop-helix and PAS motifs, dimerize with ARNT, and bind the
mammalian xenobiotic response element in a sequence-specific manner (Powell-Coffman et
al., 1998; Emmons et al., 1999; Butler et al., 2001). Interestingly, none of these
invertebrate AHR proteins bind radiolabeled derivatives of TCDD or -naphthoflavone
(Powell-Coffman et al., 1998; Butler et al., 2001). Consistent with these findings, TCDD
has no dramatic effect on C. elegans development (unpublished observation). This raises
the possibility that invertebrate AHR homologs may not be regulated by ligand binding.
This hypothesis suggests that the ancestral AHR may have been dedicated to a
developmental program, and invertebrate AHR proteins may not have a role in xenobiotic
metabolism. Alternatively, the invertebrate AHRs may be activated by a range of ligands
that does not include TCDD or  beta-naphthoflavone.

Two experimental approaches have been used to address this question. In Drosophila,
researchers expressed spineless, the AHR homolog, ectopically. This resulted in nuclear
localization of Tango, the ARNT homolog, and phenotypic abnormalities (Duncan et al.,
1998; Emmons et al., 1999). These data suggest that activation of Drosophila AHR does
not require a spatially restricted ligand. Other Drosophila and C. elegans bHLH-PAS
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proteins have been shown to localize to the nucleus more efficiently when co-expressed
with a dimerization partner (Ward, 1998; Jiang et. al., 2001). Co-expression of Drosophila
AHR and ARNT may be sufficient to form an active transcriptional complex (Crews and
Fan, 1999).

Yeast expression studies indicate that C. elegans AHR is not constitutively active.
The PAS domains, which mediate binding to HSP90 and ligand in mammalian AHR, exert a
repressive function that inhibits nuclear translocation or transcriptional activation in these
assays (Powell-Coffman et al., 1998). No activating ligand has been found, and it is
possible that AHR-1 activity is regulated by other signaling pathways, which could
covalently modify AHR-1 by phosphorylation or by other means. The activity of
mammalian AHR appears to be modulated by multiple mechanisms, including ligand
binding, phosphorylation, and interaction with co-activators (Whitlock, 1999; Gu et al.,
2000). Some of these regulatory mechanisms likely have ancient origins, while others may

be specific to vertebrate AHR.
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Table 1. ahr-1-deficient animals fail to express gcy-32:GFP in AQR and PQR

Genetic Expression level of gcy-32:GFP
Cell
Background
% % % i
Strong Dim N.D.
WT 67 20 13 107
AQR
ahr-1 (ia03) 0 2 98 104
WT 80 5 15 107
PQR
ahr-1 (ia03) 1 4 96 113

52

N.D. not detectable; n = number scored. Strong: the cell body and axon fluoresced

brightly; Dim: GFP fluorescence is detectable in the cell bodies, but expression in the

axon is faint or not detectable; N.D. GFP is not detectable.
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Table2.  ahr-1 and unc-86 activate gcy-32:GFP expression in the URX neurons, and

ahr-1 expression is regulated by unc-86.

GFP expression in URX cells

GFP reporter Genetic
Background
% Stron % %
OOTONE pim N.D. .
WT 92 2 6 126
gcy-32:GFP
ahr-1 (ia03) 0 34 66 111
unc-86 (n306) 10 23 67 132
unc-86 (n846) 5 36 59 132
WT 96 4 0 102
ahr-1: GFP
ahr-1 (ia03) 82 18 0 124
unc-86 (n306) 24 59 17 112
unc-86 (n846) 35 55 10 104

N.D. not detectable; n = number scored. Strong: the cell body and axon fluoresced
brightly; Dim: GFP fluorescence is detectable in the cell bodies, but expression in the

axon is faint or not detectable; N.D. GFP is not detectable.
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FIGURE LEGENDS

Figure 1:  ahr-1:gfp fusion genes are expressed in a subset of neurons during larval
development. A. Diagram of the two ahr-1:gfp reporters used in this study. Exons are
drawn as boxes. The PAS domain is encoded by exons 4 — 9, and the GFP sequences are
inserted in exon 11 of pJ360. B — E. Cells labeled by expression of the pHT102
transgene. In all images, anterior is left, and ventral is down. B. ALNR and ALNL are
visible in the hermaphrodite tail. C. AVM is located anterior to the vulva, in the ventral
half of the animal. AVM projects a single axon that crosses the PLNR axon before
reaching the ventral nerve cord and turning towards the anterior nerve ring. D. The
SDQR cell body is located on the nerve associated with ALMR and ALNR. The SDQR
axon extends to the dorsal sub-lateral nerve and then turns anteriorly. AVM is faintly
visible in another focal plane. e. In this merged image of multiple medial confocal sections

of the head, the URX neurons are visible

Figure 2:  ahr-1 function is required for appropriate anterior-posterior positioning
of AVM and SDQR. A. Diagram depicting the migration of QR and its descendents in
a wild-type animal. SDQR and AVM are sister cells, born from QR.pa. The V cells
divide during these migrations to give rise to anterior and posterior daughters, labeled V.a
and V.pin C andD. B. The ahr-1 (ia03) mutation is a 1517 bp deletion that removes
exons 4 — 7, resulting in a frameshift and a premature stop. The deletion breakpoints are
205 bp 5’ to exon 4 and 30 bp 5’ to exon 8§, and it does not remove coding sequences for
C41G7.6, a small gene in the third intron. C, D. The positions of the AVM (C) and
SDQR (D) cells were scored relative to the V cells in wild-type and ahr-1 (ia03) worms (n =

51-62).

Figure 3: Abnormal positioning and differentiation of the PLM neurons in ahr-1

(ia03) animals. Nomarski images of adult hermaphrodite tails are shown in A, C, E. An
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arrowhead indicates the position of the anus. In each case, anterior is at left, and ventral is
down. B, D, F. The mec-18:GFP touch receptor marker labels the 2 PLM cells in the tail.
Only the PLML cell is visible in the focal planes shown. A, B. In wild-type C. elegans, the
PLM cells are located in the posterior part of the lumbar ganglia. C, D. In 35% of the
ahr-1 (ia03) animals, at least one of the PLM cells is displaced to a position as anterior as
the anus (n = 120). E, F. Inrare cases (3%), an additional mec-18:GFP expressing cell is

present in the tail of ahr-1 mutants.

Figure 4: SDQR and AVM neurons have cell and axonal pathfinding defects in
ahr-1 (ia03) animals. A, C. The positions of SDQR and AVM in wild type C. elegans
are depicted. B, D. An ahr-1 (ia03) animal is shown. Anterior is at left, and ventral is
down. C,D are merged medial confocal images in which the neurons are labeled with a
panneural GFP marker. E. The dorsal-ventral position of SDQR was scored in wild-type
and mutant animals (n = 120-258). Shown here are data for wild-type, ahr-1 (ia03), and
aha-1 (ia0l) mutants. Also shown are the data for ahr-1 (ia03) animals carrying the pJ360
ahr-1:GFP transgene (shown in Fig iA) and for aha-1 (ia01) animals rescued to viability

by the pHJ32 transgene, which directs expression of AHA-1 in non-neuronal pharyngeal

cells.

Figure 5: Genetic analysis of SDQR dorsal migration. A. The dorsal-ventral
position of the SDQR cell was scored in wild-type animals and in animals carrying null
mutations in ahr-1, unc-5, unc-6, unc-40, sax-3, or unc-129. ahr-1 double mutants were
also analyzed (n = 80 - 258). B, C. Axon projections from SDQR cells dorsal (B.) or ventral

(C.) to the ALMR-associated nerve were scored. The graphs illustrate the mean and the

standard error of proportion.
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CHAPTER 3

The C. elegans aryl hydrocarbon receptor, AHR-1, controls expression of
soluble guanylate cyclases in the URX neurons and regulates aggregation

behavior

Submitted

Hongtao Qinl, Zhiwei Zhai, and Jo Anne Powell-Coffman’

Abstract

The aryl hydrocarbon receptor ortholog in C. elegans, ahr-1, regulates important
neuronal development events, including neuronal migration, axon pathfinding and cell fate
specification. Here, we report that ahr-1 functions acutely to regulate a specific behavior:
the aggregation of C. elegans on lawns of bacterial food. This behavior is modulated by
nutritional cues and ambient oxygen levels, and aggregation is inhibited by the NPR-1 G
protein-coupled neuropeptide receptor gene. We report that loss-of-function mutations in
ahr-1 or its transcription partner aha-I (ARNT) suppress aggregation behavior in
npr-1-deficient animals. Expression of ahr-I in only 4 neurons, including URXR and
URXL, restores aggregation behavior to ahr-1 mutant animals. Mutants defective in ahr-1
or aha-1 express the gcy-32, gcy-34, and gcy-35 soluble guanylate cyclase (sGC) reporter
genes at markedly reduced levels. These genes have been shown to have key roles in
aggregation or hyperoxia avoidance. We report that the requirement for ahr-1 in social

feeding behavior can be temporally uncoupled from early development of the URX neurons,

! Primary researcher and author
* Author for correspondence
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using a heat shock inducible promoter. Collectively, these data support a model in which
the AHR-1:AHA-1 transcription complex regulates the expression of sGCs and other

unidentified genes that act acutely in the URX neurons to promote aggregation behavior.
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Introduction

Simple behaviors are governed by defined neuronal circuits. The activities of key
neurons within each circuit are influenced by genomic information, developmental history,
and environmental cues. The nematode C. elegans has proven to be an excellent genetic
system for discovery of genes and genetic networks that integrate internal and external cues
to neuronal function (Hobert, 2003; de Bono and Maricq, 2005).

C. elegans “social feeding behavior” is of particular interest because it is regulated by
multiple environmental cues, including nutrition and oxygen availability. Some wild type
strains of C. elegans form groups on the border of their bacterial food source, while other
strains, including Bristol N2, are solitary feeders (de Bono and Bargmann, 1998; Rogers et
al., 2003). This behavioral variation correlates with allelic differences in the npr-1 G
protein-coupled neuropeptide receptor gene (de Bono and Bargmann, 1998). Strains that
aggregate on food contain the NPR-1 215F isoform, which has lower activity than the
NPR-1 215V isoform that is present in strains that do not aggregate (de Bono and Bargmann,
1998). Moreover, a strong loss-of-function mutation in npr-1 is sufficient to cause Bristol
N2 to exhibit “social feeding behavior” (de Bono and Bargmann, 1998). Solitary feeding
behavior can be restored to npr-1 mutants by expressing wild-type npr-1 (the 215V isoform)
in the four neurons that contact the pseudocoelomic space: URXR, URXL, AQR, and
PQR. Genetic inactivation of these four neurons abolishes aggregation behavior (Coates
and de Bono, 2002). In current models, activation of NPR-1 suppresses the depolarization of
the neurons that contact the pseudocoelom (URXR, URXL, AQR, and PQR), thereby
inhibiting aggregation on bacteria (Coates and de Bono, 2002).

Social feeding behavior is promoted by high levels of ambient oxygen.
npr-1-deficient animals form groups on bacterial borders if incubated in room air, but
aggregation behavior can be suppressed by lowering environmental oxygen levels (Gray et

al., 2004). [need something here ] The GCY-35 / GCY-36 soluble guanylate cylcase
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complex appears to function as the oxygen sensor within the URX neurons that control
social feeding behavior. GCY-35 has been shown to bind oxygen (Gray et al., 2004), and
GCY-36 is thought to function as a heterodimer with GCY-35 (Cheung et al., 2004).
Mutations in the gcy-35 or gcy-36 soluble guanylate cyclase (sGC) genes prevent aerotaxis
to lower oxygen concentrations, and they also suppress “social feeding” in animals that lack
npr-1 function (Cheung et al., 2004; Gray et al., 2004; Cheung et al., 2005). Studies by
our research group (described below) and by others (Cheung et al., 2004; Gray et al., 2004)
indicate that gcy-35 and gcy-36 are expressed in a subset of neurons that includes the URX
class of neurons. Thus, high levels of ambient oxygen may regulate production of cGMP
by the GCY-35 complex in the URX neurons and promote aerotaxis to less hyperoxic
microenvironments.

Interestingly, a strong loss-of-function mutation in ahr-I suppresses social feeding
behavior (Qin and Powell-Coffman, 2004). ahr-1 is orthologous to the mammalian aryl
hydrocarbon receptor (AhR), a ligand-activated transcription factor that mediates the toxic
effects of dioxins and certain other environmental pollutants (Powell-Coffman et al., 1998;
Gu et al., 2000). In addition to its xenobiotic sensor function, AhR also has important
developmental functions (Crews, 2003). Inappropriate activation of AhR by dioxin or
other manmade chemicals can cause cancer, cleft palate, neurological defects, and a range
of other pathologies (Pohjanvirta and Tuomisto, 1994; Denison and Heath-Pagliuso, 199§;
Birnbaum and Tuomisto, 2000; Mandal, 2005). Mice lacking AhR function exhibit
developmental abnormalities (Fernandez-Salguero et al., 1995; Schmidt et al., 1996;
Mimura et al.,, 1997), and mice expressing a constitutively active form of AhR are
predisposed to stomach cancer (Andersson et al., 2002). These studies suggest that
molecules that regulate AhR function could have important developmental or physiological
roles.

The C. elegans orthologs of AhR and ARNT are encoded by the ahr-1 and aha-1 genes

(Powell-Coffman et al., 1998). C. elegans AHR-1 is expressed in a subset of neurons, and
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worms lacking ahr-1 function have a range of neurological defects (Huang et al., 2004; Qin
and Powell-Coffman, 2004). These studies, when considered with the neurotoxic effects
of certain AhR-activating ligands, suggest that the aryl hydrocarbon receptor may have
ancient roles in neuronal development and function.

Previous studies of the ahr-1 expression pattern and mutant phenotype provided some
insight to the mechanism(s) by which C. elegans AHR-1 might promote social feeding
behavior. AHR-1 is expressed in a subset of neurons, including the URX cells, which
have a central role in the neural circuit that governs aggregation behavior. In ahr-1
mutants the URX neurons develop with normal morphology and express a panneural marker,
but two markers of URX differentiation (gcy-32:GFP and npr-1:GFP) are expressed at
markedly reduced levels compared to wild-type animals (Qin and Powell-Coffman, 2004).
Coates and de Bono (2002) have shown that genetic inactivation of the URX class of
neurons suppresses npr-I-mediated social feeding behavior. Therefore, the behavioral
phenotype of ahr-I mutants could be explained by either of two nonexclusive models.
First, mutation of ahr-1 impaired the ability of the URX cells to develop into functional
neurons. In this model, ahr-1 did not have a direct role in the regulation of aggregation
behavior. Alternatively, AHR-1 might promote the expression of genes integral to the
cellular networks in URX that control social feeding behavior.

In this study, we interrogate ahr-I function in the URX neurons. We show that
post-embryonic expression of ahr-1 is sufficient to enable social feeding behavior. We
demonstrate that ahr-1 promotes the expression of soluble guanylate cyclase (sGC) genes
that are key regulators of aggregation behavior. This provides a conceptual framework for
understanding how molecules that modulate aryl hydrocarbon receptor function can

influence a simple behavior.
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Materials and Methods

C. elegans culture and behavioral assays

C. elegans were cultured using standard methods (Brenner, 1974). The wild-type
parent for the strains used in this study was C. elegans var. Bristol strain N2. The following
mutant alleles were used in this study: linkage group I (LGI): aha-1(ia0l), ahr-1(ia03),
ahr-1(jul45), dpy-5(e6l), unc-119(ed3); LGIV: daf-21(673), daf-21(nr2081); 1.GX:
npr-1(kyl13), npr-1(ad609), npr-1(nl1353). The transgenic strains carried integrated
transgenes were: ZG628 [aha-1(ia0l), Pcky-1:aha-1(ials18), unc-119(+)]; ZG611
[Pgcy-32:gfp(ials19), unc-119(+)]; ZG605 [Pgcy-34:gfp(ials20), unc-119(+)]; ZG601
[Pgcy-35:gfp(ials21), unc-119(+)]; ZG629 [Pgcy-36:gfp(ials22), unc-119(+)]; ZG630
[mPgcy-35:gfp(ials23), unc-119(+)]; ZG631 [mPgcy-36:gfp(ials24), unc-119(+)]; ZG610
[Pgcy-37:gfp(ials25), unc-119(+)].

Social feeding assays were performed as previously described (de Bono et al., 2002;
Gray et al., 2004). Forty worms were scored in each experiment. Each genotype was
assayed in at least six independent experiments.

The fluorescence of GFP reporters was examined on a Nikon E800 compound
fluorescence microscope equipped with DIC optics. Worms were mounted on 4% agarose

pads in M9 buffer containing SmM sodium azide.

Molecular Biology

The pHT108 plasmid includes ahr-I genomic and cDNA sequences. To construct
pHT108, a 5377 bp HindIII-BamHI genomic fragment, including over 3 kb of sequence 5’
to translational start codon, exon 1, intron 1, and part of exon 2, was fused to a cDNA
fragment containing the remaining coding sequences. The cDNA insert was a

HindIlI-BamHI fragment from pJ345 (Powell-Coffman et al., 1998). To add ahr-1 3’
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genomic sequences, this construct was cut with BstXI (in exon 11) and Bglll, and then
ligated with the 1260 bp BstXI-BglIl genomic fragment from the pJ301 plasmid (Qin and
Powell-Coffman, 2004).

To construct the pHT111 hspl6.2::ahr-1 plasmid, the 516 bp HindlII-Nhel hsp16.2
promoter fragment from plasmid pPD49.78 (a gift from Andy Fire) was cloned into the
HindIII-Nhel sites in the polylinker of pHT110. The pHT110 plasmid is a promoterless
construct that includes full length ahr-I cDNA sequence and 3’ genomic sequences. The
pHT110 construct was engineered as follows: 6824 bp HindIII-BstXI pHT108 fragment was
ligated with the ~1500bp HindIII-BstXI pJ345 fragmant. This construct was then cut by
HindIII and ligated to an oligonucleotide polylinker: 5’AGC TTG TCG ACC CAT GGC
CCG GGG GTA CCA AGC TAG CGA ATT CC 3’ and 5’AGC TGG AAT TCG CTA
GCT TGG TAC CCC CGG GCC ATG GGT CGA CA 3.

To construct the pHT112 fIp-8::ahr-1 plasmid, a 3203 bp genomic fragment, including
3187 bp sequences 5’ to flp-8 start codon and 16 bp sequences in the first exon, was ligated
to the Xhol-Nhel sites of pHT110. The primers used to amplify the flp-8 regulatory
fragment were: 5° CAA CTC GAG CGT GAT GGA GTT CGC AGC AAT G 3* and 5’
AAG CTA GCG GACTCC GGA GAGCACTITCTAC?3'.

The pHT103 Pgcy-34::gfp plasmid was generated by ligating the 747 bp of the
genomic sequence 5’ to the gcy-34 start codon to the Bbul-BamHI sites of pPD95.75 (a gift
from Andy Fire). To construct the pHT106 Pgcy-32::gfp plasmid, a genomic fragment
containing 1096 bp 5’ to the gcy-32 start codon was ligated to the Pstl-BamHI sites of
pPD95.75. The pHT115 Pgcy-35::gfp plasmid, includes 1250 bp 5’ to the gcy-35 start
codon. This genomic fragment was inserted into the Pstl-BamHI sites of pPD95.75. The
pHT116 Pgcy-36::gfp plasmid includes 1172 bp of gcy-36 of genomic sequence 5° to the
start codon inserted into the Pstl-BamHI sites of pPD95.75. To construct pZW2
Pgcy-37::¢fp plasmid, a genomic fragment 1122 bp upstream to gcy-37 start codon was

ligated to the BamHI-Kpnl sites of pPD95.75.
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To construct the pHT117 mPgcy-35::gfp plasmid, a C to T point mutation was
introduced into a site 111 bp upstream to the start codon of gcy-35 in pHT115 using a PCR
based approach (Ausubel, 1994). The pHT118 mPgcy-36::gfp plasmid was generated by
introducing a G to A point mutation to the pHT116 plasmid, 263 bp upstream to the putative

start codon of gcy-36.

Gel shift assays

Gel shift assays were performed as previously described (Powell-Coffman et al., 1998).
Proteins were expressed in rabbit reticulocyle lysates (TNT coupled reticulocyte lysate
system, Promega). The Pgcy-35XRE probe was derived from the gcy-35 promoter: 5’
GAT CAT CTG ACA CGC AAT GGC TCC CCG CCA CCC C annealed to 5° AGT CGG
GGT GGC GGG GAG CCATTG CGT GTC AGAT. The mPgcy-35XRE competitor was
5" GAT CAT CTG ACA CGT AAT GGC TCC CCG CCA CCC C annealed to 5° AGT
CGG GGT GGC GGG GAG CCA TTA CGT GTC AGA T. The Pgcy-36XRE probe was
derived from the gcy-36 promoter: 5° GAC TAC AGC ATT GCG TGT CTA TTA ATT
ATT CAA annealed to 5 TGC ATT GAA TAA TTA ATA GAC ACG CAA TGC TGT.
The mPgcy-36XRE competitor was 5> GAC TAC AGC ATT ACG TGT CTA TTA ATT
ATT CAA annealedto 5 TGC ATT GAA TAA TTA ATA GAC ACG TAA TGC TGT.

Transgenic animals

To integrate constructs into the C. elegans genome, we employed microparticle
bombardment (Praitis et al., 2001; Berezikov et al., 2004). We used a BioRad Biolistic
PDS-1000/He system with 28 inches of Hg vacuum, 650 p.s.i. rupture disks, and 0.6pum
gold particles. For each bombardment, 2ug pPDMMO16 (unc-119 co-transformation marker)
(Praitis et al., 2001) plasmid DNA and lug target plasmid DNA were bombarded into

unc-119(ed3) L4 and young adult hermaphrodites.
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To generate extrachromosomal arrays of transgenes, DNA was microinjected into
young adult dpy-5(e61) hermaphrodite germlines, following standard procedures (Epstein et
al., 1995). The dpy-5 plasmid pCes-361 (a gift from Dr. Ann Rose, University of British

Columbia) was used as the coinjection marker.
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Results

To rigorously examine the role of ahr-1 in npr-1I-mediated aggregation behavior, we
characterized the phenotypes of multiple single and double mutant combinations. Previously,
we had shown that ahr-1 (ia03) suppressed aggregation in npr-1 (n1353) animals (Qin and
Powell-Coffman, 2004). The NPR-1 receptor is predicted to be a G protein-coupled receptor
with 7 transmembrane domains. The npr-1 (n1353) allele is a missense mutation in
transmembrane domain 3 (de Bono and Bargmann, 1998). Phenotypic analyses have
confirmed that the n/353 mutant allele is not null for npr-1 function (de Bono and
Bargmann, 1998; Wang and Wadsworth, 2002). We examined two other mutations that
have been shown to cause stronger aggregation phenotypes [npr-1 (kyl3) and npr-1
(ad609)]. The kyl3 mutation introduces a premature stop codon after the first
transmembrane domain. The ad609 allele includes two missense mutations that are
predicted to cause a threonine to isoleucine substitution in transmembrane domain 2 and a
threonine to alanine substitution in transmembrane domain 4 (de Bono and Bargmann,
1998). As shown in Figure 1A, the ahr-1 (ia03) deletion allele suppressed aggregation
phenotypes caused by both of these strong loss-of-function npr-1 alleles. Seventy-nine
percent of npr-1 (kyl3) single mutant animals and 71% of npr-1 (ad609) animals fed in
groups, but double mutants carrying the ahr-1 (ia03) mutation showed marked decreases in
this behavior (15% for ky13 and 11% for ad609).

We anticipated that a different loss-of-function allele of ahr-1 should also suppress
npr-1 mediated aggregation behavior. To test this, we analyzed feeding behaviors of ahr-1
(jul45) mutants. The ahr-1 (ia03) deletion removes most of the PASA domain and
introduces a premature stop codon (Qin and Powell-Coffman, 2004). The ahr-1 (jul45)
mutation introduces a premature stop codon in the PAS domain of AHR-1 (Huang et al.,
2004). Thus, molecular analyses suggest that both ia03 and jul45 abolish ahr-1 function.

Characterization of SDQR cell migration and AVM axon pathfinding defects in these two
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mutant backgrounds further suggests that ju/45 and ia03 are both strong loss-of-function
alleles (data not shown). As expected, the ahr-1 (jul45) mutation suppresses aggregation
phenotypes in npr-1 (kyl3) animals (Figure 1A).

Mutations in npr-1 cause both “grouping” and “bordering” behaviors on bacterial
lawns. “Grouping”, the behavior quantitated in Fig. 1A, is defined as the percentage of
animals feeding in groups of three or more. npr-1-deficient animals have also been shown
to feed preferentially at the border of the bacterial lawn, where the oxygen concentration is
lower (Gray et al., 2004). Consistent with prior studies (de Bono and Bargmann, 1998;
de Bono et al., 2002), we found that 95% npr-1(kyl3) or npr-1(ad609) animals exhibited
“bordering” behavior. Strong loss-of-function mutations in ahr-I (ia03 or jul45)
significantly suppressed this behavior (to 65% and 66% respectively; Fig 1B). Both
grouping and bordering behavior can be restored to ahr-1; npr-1 double mutants by the
introduction of the pHT108 ahr-1 minigene, in which ahr-1 genomic sequences are fused to
cDNA sequences (Pahr-1:ahr-1; Fig. 1C and 1D). Collectively, these studies provide
strong evidence that npr-I-mediated grouping and bordering behaviors require ahr-I
function.

AHR-1 has been shown to form a heterodimeric DNA binding complex with AHA-1,
the C. elegans ortholog of mammalian ARNT (Powell-Coffman et al., 1998), and our
working hypothesis was that AHR-1 functioned within this complex to modulate feeding
behavior. To test this hypothesis, we analyzed aggregation behavior in aha-1
loss-of-function mutations. Like its mammalian cognate, AHA-1 forms complexes with
multiple bHLH-PAS proteins, and AHA-1 is expressed in most, if not all, cells
(Powell-Coffman et al., 1998; Jiang et al., 2001). aha-1 (ia0l) is a strong loss-of-function
allele, and C. elegans that are homozygous for the ia0l mutation arrest development as
young larvae. Interestingly, mosaic animals that express aha-1 in non-neuronal pharyngeal
cells from the cky-1 promoter can develop to adults (Jiang, Wu, Qin, and Powell-Coffman,

unpublished observations). As shown in Fig. 1A, aggregation behavior is diminished in
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npr-1 (ky13) or npr-1 (ad609) animals that are aha-I-deficient. These data confirm that
AHA-1, the transcriptional partner for AHR-1, has an important role in aggregation

behavior.

AHR-1 functions in the URX neurons to promote aggregation

Although the neural circuits that control aggregation behaviors have not been fully
elucidated, some of the neurons that regulate grouping and bordering behavior have been
identified (Coates and de Bono, 2002; de Bono et al., 2002). Only four of these cells
(URXR, URXL, AQR, and PQR) have been shown to express ahr-I (Qin and
Powell-Coffman, 2004). Coates and de Bono (2002) showed that inactivation of the URXR,
URXIL, AQR, and PQR neurons via the expression of a constitutively active form of the
EGL-2 potassium channel greatly suppressed npr-I-mediated aggregation. Thus, we
considered the possibility that the AHR-1 transcription complex might act cell
autonomously in one or more of these four neurons to promote grouping and bordering
behaviors.

To determine whether expression of ahr-1 in the URX neurons was sufficient to rescue
social feeding behavior in ahr-1; npr-1 double mutants, we created a chimeric gene, in which
the flp-8 promoter directed expression of ahr-1 coding sequences. flp-8::GFP is expressed in
URX neurons and only two other cells: AUA, and PVM (Coates and de Bono, 2002; Kim and
Li, 2004). Importantly, expression of flp-8::GFP (and therefore flp-8::ahr-1) is not
dependent upon ahr-1 function (data not shown). Only 5% of ahr-1 (ia03); npr-1 (kyl3)
double mutants feed in groups of three or more. Introduction of the flp-8::ahr-1 transgene
increases aggregation behavior over 5-fold (28% of the animals feed in groups) (Fig 1C). By
comparison, introduction of the ahr-1 minigene increases grouping almost 10-fold (to ~50%).
In control studies, npr-1 (kyl3) animals carrying only the co-injection marker exhibit 64%
grouping. Thus, ahr-1 appears to function in the URX neurons to regulate social feeding,

although this data does not preclude possible roles in other neurons that may potentiate this
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behavior.

Neuronal development versus neuronal function

We considered two nonexclusive models for the role of AHR-1 in the URX neurons.
First, AHR-1 might function during a critical developmental period to regulate URX
development. This model postulates that ahr-1 (ia03) mutants fail to aggregate because
the URX neurons did not develop properly. Alternatively, the AHR-1 transcriptional
complex might promote aggregation behavior acutely. In this model, URX neurons in
ahr-1 (ia03) animals do not have major developmental or structural defects that impair
function, but failure to express AHR-1 target genes would limit neuronal response to
aggregation cues.

To distinguish between these two models, we designed an experiment to uncouple the
possible developmental roles of AHR-1 from later functional requirements. The URX
neurons are born during embryogenesis (White et al., 1986). npr-I-deficient worms
exhibit grouping behavior as early as the second larval stage, and this indicates that URX
and the neuronal circuits that direct aggregation are functional at this early larval stage (data
not shown; Fig 2). To allow temporal control of ahr-1 expression, we fused the hsp-16.2
promoter to ahr-1 coding sequences. Expression from the hAsp-16.2 promoter is induced by
high temperature, and expression is specific to neurons (Stringham et al., 1992). In control
experiments, we determined that this transgene had little effect on the aggregation behavior
of ahr-1, npr-1 double mutants in the absence of heat shock induction (Figure 2). We
allowed the animals to progress to the last larval stage (L4) and then exposed them to heat
shock (30°C for 30 minutes). This resulted in a significant increase in aggregation
behavior of ahr-1(ia03); npr-1(ad609) and ahr-1(ia03); npr-1(kyl3) animals (from 6% to
38% and 6% to 31% respectively). Heat shock induction of ahr-1 expression in late-stage
(3-fold) embryos, L1 larvae, or L2 larvae also restored aggregation behavior to ahr-1; npr-1

double mutant worms (data not shown). These data show that expression of AHR-1 after
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the URX neurons are formed is sufficient to restore aggregation behavior to npr-1-defective

animals.

ahr-1 regulates the expression of guanylate cyclase genes in URX neurons.

Soluble guanylate cyclases (sGCs) produce the 3’, 5’ -cyclic guanosine monophosphate
(cGMP) second messenger. sGCs were good candidates for AHR-1 target genes that
regulate URX activity and social feeding. The TAX-2 / TAX-4 cGMP-gated sensory
channels are expressed in the URX neurons and promote social feeding behavior (Coburn
and Bargmann, 1996; Komatsu et al., 1996; Coates and de Bono, 2002). Seven predicted
sGCs had been identified in the C. elegans genome (Morton et al., 1999). We had
previously shown that expression of gcy-32:GFP was regulated by AHR-1 (Qin and
Powell-Coffman, 2004). To address the hypothesis that ahr-1 regulated the expression of
other sGC genes, we constructed GFP reporters in which the upstream regulatory sequences
for each sGC gene was fused with the coding sequences of green fluorescent protein (GFP).
Initially, we generated transgenic animals carrying extrachromosomal arrays of these
reporters (Table 1). We later confirmed the expression patterns in animals in which the
reporters were integrated into the genome (Table 2). Consistent with the independent
studies of Cheung et. al. (2004) and Gray et. al. (2004), we found that the GFP reporters for
5 sGC genes, gcy-32, gcy-34, gcy-35, gey-36, and gcy-37, were consistently expressed in the
AQR, PQR, URXL and URXR neurons. Expression of gcy-37:GFP was also observed in
AVM and two unidentified neurons located in the head. gcy-35:GFP was expressed in
fifteen neurons, all of which also express ahr-I: AQR, PQR, URXR/L, ALNL/R,
BDUL/R, SDQL/R, PLMLJ/R, AVM and two neurons in the tail tentatively identified as
PLNL/R. (gcy-35:GFP was only transiently expressed in PLML/R during the first larval
stage.) To determine whether ahr-1 function was required for the expression of these
sGCs, we compared expression levels of the GFP reporters in wild-type and ahr-1 (ia03)

animals. As shown in Tables 1 and 2, animals carrying the ahr-1 (ia03) mutation
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expressed the gcy-32, gcy-34, and gcy-35 reporters at dramatically reduced levels. Loss of
ahr-1 function had lesser effect on expression of the gcy-36 and gcy-37 reporters.

These data suggested that certain sGC genes were activated, directly or indirectly, by
the AHR-1 transcriptional complex. To confirm that AHA-1 (the transcription factor
dimerization partner for AHR-1) also promoted expression of the sGC genes, we assayed
the expression of the sGC reporters in animals that were defective for aha-1 function. The
data shown in Table 2 confirmed that aha-1 function was required for the expression of
gcy-32:GFP, gcy-34:GFP and gcy-35:GFP reporters in URX neurons, and had a lesser role

in the regulation of gcy-36:GFP and gcy-37:GFP expression.

Expression of ahr-1-dependent reporters in URX does not require daf-21 / HSP90.

The HSP90 heat shock protein associates with mammalian AHR proteins, and HSP9O is
thought to have an important role in AHR folding and function (Pongratz et al., 1992;
Petrulis and Perdew, 2002). C. elegans AHR-1 has been shown to interact with rabbit
HSP90 in vitro (Powell-Coffman et al., 1998). daf-21 is the sole C. elegans ortholog of
HSP90, and it has essential functions during larval development (Birnby et al., 2000).
Interestingly, strong loss-of-function mutations in daf-21 do not alter differentiation of the
RMEL/R neurons, although theses cell fate decisions are dependent upon ahr-1 function.
These data indicate that in the absence of HSP90 chaperones, C. elegans AHR-1 is still able
to fold, translocate to the nucleus, and form an active transcription complex in RME
neurons (Huang et al., 2004). To further test the hypothesis that AHR-1 function in C.
elegans does not require daf-21/HSP90, we analyzed the expression level of gcy-32:GFP,
gcy-34:GFP and gcy-37:GFP in daf-21 (nr2081) and daf-21 (p673) mutants. As shown in
Table 2, the daf-21 mutations had no detectable effect on the expression of these three
reporters. Thus, AHR-1 can function to up-regulate the expression of these sGC reporters in

the URX neurons in the absence of daf-21 / HSP90 function.
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Multiple transcriptional targets for the AHR-1 complex in the URX neurons.

During the course of these studies, the Bargmann and de Bono groups discovered that
gcy-35 and gey-36 are key regulators of hyperoxia avoidance and “social feeding” (Cheung
et al., 2004; Gray et al., 2004). Remarkably, GCY-35 was shown to bind oxygen, and
GCY-35 likely functions in a heterodimeric complex with GCY-36. Current models
suggest that the GCY-35:GCY-36 complex produces cGMP in an oxygen-dependent
manner. This would activate the TAX-2 / TAX-4 channels, which mediate hyperoxia
avoidance and aggregation behavior (Cheung et al., 2004; Gray et al., 2004; Cheung et al.,
2005).

These data suggested that the failure of ahr-I mutants to express gcy-35 and gcy-36 at
normal levels might be sufficient to inhibit npr-I-mediated aggregation, but it was also
possible that AHR-1 had other important roles in the regulation of aggregation behavior.
To distinguish between these models, we employed two experimental approaches. First,
we tested the hypothesis that the AHR-1:AHA-1 complex bound directly to DNA binding
sites in the gcy-35 and gcy-36 upstream regulatory regions. Second, we tested the
hypothesis that expression of gcy-35 and gcy-36 from heterologous, AHR-1-independent
promoters would be sufficient to restore aggregation behavior to ahr-1; npr-1 double
mutants.

We identified potential XRE’s (xenobiotic regulatory elements; AHR-1:AHA-1
binding sites) in the putative 5 regulatory sequences for all five sGC genes that are
expressed in URX (Figure 3). To determine whether AHR-1 and AHA-1 could interact to
bind putative XREs 5 to the gcy-35 and gcy-36 translational start sites, we employed
electrophoretic mobility shift assays. We expressed AHR-1 and AHA-1 in rabbit
reticulocyte lysates (Powell-Coffman et al., 1998). As expected, oligonucleotide probes
containing the XRE sequences did form slower mobility complexes when co-incubated with
lysates that contained both AHR-1 and AHA-1 (data not shown). The complexes could be

supershifted by co-incubation of a monoclonal antibody specific to AHA-1 (Jiang et al.,
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2001). Unlabeled oligonucleotides containing a point mutation in the core AHR-1 halfsite
(G --> A; Fig 3) did not compete effectively for binding to this complex (data not shown).

To determine whether the putative XREs were important for AHR-1-mediated
expression of transgenes in vivo, we introduced mutations into the putative XREs of the
gcy-35:GFP and gcy-36:GFP reporters (Figure 3). These constructs were integrated into
the genome using microparticle bombardment. Interestingly, expression from the mutated
reporters was still regulated by ahr-1, even though we had mutated the putative XREs. As
shown in Table 2, expression of mPgcy-35:GFP (in which the putative XRE was mutated)
dropped markedly when the ahr-1 (ia03) mutation was crossed into the strain. High levels
of mPgcy-36:GFP expression also required ahr-1 and aha-1 function. Thus, mutation of
the putative XREs did not abrogate regulation by the AHR-1:AHA-1 transcription factor.
This indicates that the AHR-1:AHA-1 complex is able to regulate gcy-35 and gcy-36
expression via other promoter sequences. It is possible that there is another cryptic
AHR-1:AHA-1 binding site in the gcy-35 and gcy-36 promoters. It is perhaps more likely
that the AHR-1 complex acts indirectly to promote gcy-35 and gcy-36 expression.

Are other AHR-1 target genes required to promote social feeding behavior? To
address this, we tested the hypothesis that expression of gcy-35 and gcy-36 in the URX
neurons was sufficient to restore the aggregation behavior to ahr-1, npr-1 double mutant
worms. To enable expression of gcy-35 and gcy-36 independent of ahr-1 function, we
employed the flp-8 promoter. Expression of ahr-1 from the fIp-8 promoter is sufficient to
cause a ~5-fold increase in the number of ahr-1, npr-1 double mutants that feed in groups
(Figure 1). To monitor gcy-35 and gcy-36 expression in these experiments, we incorportated
synthetic operons in which the gcy genes were co-expressed with GFP (Cheung et al., 2004).
In otherwise wild-type animals, the flp-8 promoter directed GFP expression in the predicted
pattern (URX, AUA and PVM neurons). As described above, the ahr-1 (ia03) mutation
suppressed npr-I-mediated social feeding, and aggregation behavior could be largely

restored by expression of ahr-1 from the fip-8 promoter (Figure 1). However, the
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flp-8:gcy-35 and  flp-8:gcy-36 transgenes, individually or in combination, were not able to

increase grouping or bordering in ahr-1, npr-1 double mutants (Figure 4). These findings

suggest that AHR-1 regulates the expression of gcy-35, gcy-36, and at least one other gene

that has an essential role in aggregation behavior.
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Discussion

Studies of human populations that were exposed to high levels of 2,3,7,8
tetrochlorodibenzo-p-dioxin during the Vietnam War or after industrial accidents have
revealed a correlation between high levels of serum dioxin and memory deficits (Barrett et
al., 2001; Pelclova et al., 2001), but the role of AhR in cognitive function has been
enigmatic.  Dioxin exposure causes a wide range of defects in the developing vertebrate
nervous system (Birnbaum and Tuomisto, 2000; Dong et al., 2001; Hays et al., 2002). Given
the complexity of the mammalian nervous system, it will be very challenging to elucidate
the molecular mechanisms by which AhR influences neural function. The AhR orthologs in
C. elegans and in Drosophila are required for normal neural development, and this suggests
that there may be an ancestral function for AHR in neurons (Duncan et al., 1998; Huang et
al., 2004; Qin and Powell-Coffman, 2004). Our present data describe an essential role for
the AHR-1 transcriptional complex in a specific behavior, in which C. elegans form groups
on the border of the bacterial food source.

The key findings of this study are: 1) expression of ahr-1 in only 4 neurons, including
URXR and URXL, is sufficient to restore aggregation behavior to ahr-1 mutant animals; 2)
social feeding behavior can be rescued in ahr-1; npr-1 double mutants by induction of ahr-1
expression from a heat-shock promoter after the URX neurons have formed; 3) ahr-1 and
aha-1 promote the expression of sGC genes that have been shown to regulate hyperoxia
avoidance or aggregation behavior; 4) expression of gcy-35 and gcy-36 is not sufficient to
rescue the ahr-I mutant phenotype, and this indicates that the AHR-1:AHA-1
transcriptional complex is required for the appropriate expression of other, unidentified
genes that enable social feeding behavior. These findings support the model shown in
Figure 4.

To understand the role of AHR-1 in this behavior, it was of central importance to

determine whether AHR-1 was required in URX cells. However, we could not employ the



80

gcy-32 promoter, since gcy-32 is regulated by ahr-1 function (Qin and Powell-Coffman,
2004). Instead, we constructed a chimeric gene, fip-8::ahr-1, that directed ahr-I
expression in only four neurons: URXR, URXL, AUA, and PVM. Expression of ahr-1
from the flp-8 promoter increased grouping in ahr-1; npr-1 double mutants by over five fold
(Figure 1C). ahr-1 reporter constructs are not detectably expressed in the AUA neuron
(Qin and Powell-Coffman, 2004), and the PVM neuron is not known to have a role in
aggregation behavior (Coates and de Bono, 2002; de Bono et al.,, 2002).  Thus, we
strongly favor a model in which AHR-1 is principally required in the URX neurons.

Mutants defective in ahr-1 or aha-1 express key regulators of hyperoxia avoidance and
social feeding behavior at decreased levels. Analyses of GFP reporters indicate that ahr-1
and aha-1 promote the expression of gcy-32, gcy-34, gcy-35, gcy-36, gcy-37 (Table 2) and
npr-1 (Qin and Powell-Coffman, 2004). We found possible DNA binding sites for
AHR-1:AHA-1 in the regulatory sequences for each sGC examined, and this suggested that
the sGC genes might be direct targets of the AHR-1 complex. However, mutation of the
putative XREs in gcy-35 and gcy-36 did not abolish regulation of the reporters by AHR-1.
These results do not preclude a role for the putative XREs in sGC expression, nor do they
rule out possible cryptic AHR-1:AHA-1 binding sites. Optional binding sites have not
been determined. We favor a model in which AHR-1 acts upstream of other unidentified
factors to induce expression of gcy-35 and gcy-36 (Figure 4).

Expression of gcy-35 and gcy-36 was not sufficient to restore social feeding behavior to
ahr-1 mutants. This result indicates that additional genes regulated by AHR-1 have central
roles in hyperoxia avoidance or social feeding. Recent data provide some insights to other
functions of genes regulated by ahr-1. Single mutations in gcy-32, gcy-34 or gcy-37 do not
exhibit aggregation defects (Cheung et al., 2004). However, gcy-32; gcy-34 double mutant
does (Cheung et al., 2005). Cheung et al (2005) demonstrated that gcy-32 and gcy-34 also
have roles in aerotaxis behaviors. C. elegans that have been cultured in standard

laboratory conditions prefer 5 — 12 % oxygen (Gray et al., 2004). However, if C. elegans
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are provided with bacterial food at 1% oxygen, then the animals prefer lower oxygen
concentrations (Cheung et al.,, 2005). In the wild, C. elegans live in the soil, and a
preference for low oxygen levels may guide them to microenvironments with abundant
bacterial or fungal food. The other genes that are regulated by the AHR-1 transcriptional
complex may also have roles in sensing oxygen and nutritional cues or in behavioral
responses to these environmental stimuli.

C. elegans AHR-1 and AHA-1 have been shown to bind XRE sequences with
specificity, and it is clear that C. elegans AHR-1 and human AhR were derived from a
common ancestral protein. Like other invertebrate AhR homologs that have been tested, C.
elegans AHR-1 does not bind 2,3,7,8 tetrachlorodibenzo-p-dioxin or B-naphthoflavone,
although both of these compounds bind and activate mammalian AhR (Powell-Coffman et
al., 1998; Butler et al., 2001). C. elegans AHR-1 can also function in the absence of
daf-21 /| HSP90 (Table 2; Huang et al., 2004). In contrast, HSP90 and other chaperonins
are required for proper folding and function of mammalian AhR (Petrulis and Perdew,
2002).

Here we have shown that the C. elegans AHR-1 transcription complex has important
roles in the regulation of URX activity. In the absence of ahr-1 or aha-1 function, key
sGC genes are not expressed in URX. This does not appear to be an irreparable
developmental defect. Rather, it appears that AHR-1 target genes regulate the response of
URX to environmental stimuli. Further genetic studies will clarify the roles of the C.

elegans aryl hydrocarbon receptor complex in this, and perhaps other, behaviors.
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Table 1: AHR-1 positively regulates expression of soluble guanylate cyclase genes in the URX neurons:

analysis of transgenic animals carrying GFP reporters in extrachromosomal arrays

Extrachromosomal Genetic GFP expression in URX cells
Array Transgenes Background % % % % %
Very Strong Strong Dim  very Dim N.D. n
*Pgcy-32:GFP Wild Type 19 73 0 2 6 126
ahr-1 (ia03) 0 0 0 34 66 111
Pgcy-34:GFP Wild Type 100 0 0 0 0 132
ahr-1 (ia03) 0 43 31 18 8 123
Pgcy-35:GFP Wild Type 99 0 0 0 1 126
ahr-1 (ia03) 0 12 47 39 2 132
Pgcy-36:GFP Wild Type 95 2 0 1 2 131
ahr-1 (ia03) 53 40 4 2 1 126
Pgcy-37:GFP Wild Type 100 0 0 0 0 121
ahr-1 (ia03) 61 36 2 2 0 125

*(Qin & Powell-Coffman, 2004). n=number scored.

GFP expression:  Very Strong = Cell body and axon fluoresced brightly; Strong = GFP fluorescence is easily
detectable in both cell body and axon; Dim = GFP fluorescence is detectable in the cell body, but the
expression in the axon is faint or not detectable; Very Dim = GFP fluorescence is faint in the cell body, and the

expression in the axon is not detectable; N.D. = not detectable.
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Table 2: Regulation of soluble guanylate cyclase gene expression in the URX neurons, as assayed by GFP

reporters integrated into the genome

Integrated Genetic GFP expression in URX cells
Transgenes Background % Very % Strong % Dim % very % N.D. n
Strong Dim
Wild Type 0 106 1 0 0 107
ahr-1 (ia03) 0 0 0 2 101 103
Pgcy-32:GFP aha-1 (ia0l)* 0 0 0 64 47 111
daf-21(p673) 0 62 0 0 0 62
daf-21(nr2081) 0 72 0 0 72
Wild Type 0 119 0 0 0 119
ahr-1 (ia03) 0 0 0 126 0 126
Pgcy-34:GFP aha-1 (ia0l)* 0 0 16 88 0 104
daf-21(p673) 0 105 0 0 0 105
daf-21(nr2081) 0O 61 0 0 0 61
Wild Type 0 102 0 0 0 102
Pgcy-35:GFP ahr-1 (ia03) 0 0 2 106 0 108
aha-1 (ia0l)* 0 0 1 100 6 107
Wild Type 112 0 0 0 0 112
mPgcy-35:GFP  ahr-1 (ia03) 0 0 106 0 0 106
aha-1 (ia0l )* 0 1 114 0 0 115
Wild Type 0 109 0 0 0 109
Pgcy-36:GFP ahr-1 (ia03) 0 0 106 0 0 106
aha-1 (ia0l)* 0 0 105 0 0 105
Wild Type 0 107 6 0 0 113
mPgcy-36:GFP  ahr-1 (ia03) 0 0 110 8 0 118
aha-1 (ia0l)* 0 0 102 11 0 113
Wild Type 113 0 0 0 0 113
Pgcy-37:GFP ahr-1 (ia03) 0 118 5 0 0 123
aha-1 (ia0l)* 46 68 0 0 0 114
daf-21(nr2081) 60 0 0 0 0 60

* These animals are mosaic for aha-1 expression.

They are homozygous for the aha-1(ia01) mutation, but

carry a cky-1:aha-1 transgene that directs expression of AHA-1 in nonneuronal cells of the pharynx.

The mPgcy-35:GFP and mPgcy-36:GFP constructs have a point mutation in the putative AHR-1 halfsite.
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Figure Legends

Figure1 AHR-1 functions in URX neurons to promote aggregation behavior.

The requirements for ahr-I and aha-I in aggregation behavior were examined. Two

characteristic behaviors are quantitated: collection of animals in groups of 3 or more (A, C)
and bordering (B, D). In A. and B., wild type alleles of ahr-1 or aha-1 are indicated by +.

Some aggregation behavior can be restored to ahr-I mutant animals by introduction of an

ahr-1 minigene (Pahr-1:ahr-1) or by flp-8:ahr-1, which drives expression of ahr-1 in

URXR, URXL, AUA, and PVM neurons (C., D.) ahr-1(ia03), ahr-1(jul45), aha-1(ia0l),

npr-1(kyl3), and npr-1(ad609) are all loss-of-function alleles.

Figure 2 Induction of ahr-1 expression from a heat shock promoter in the last larval
stage is sufficient to promote aggregation behavior in ahr-1, npr-1 double mutant

young adults.
URX neurons are born during embryogenesis, and aggregation behavior is evident in
npr-1-deficient animals by the L2 larval stage. Two npr-I mutant alleles were assayed

(kyl3 and ad609). Grouping behavior and bordering behavior were assayed for each

experimental condition.

Figure 3 Potential DNA binding sites for the AHR-1:AHA-1 complex in the 5’
regulatory regions of soluble guanylate cyclase genes.

The DNA recognition sites for mammalian AhR and ARNT are shown. C. elegans AHR-1
and AHA-1 also interact to bind this consensus sequence (termed XRE). Putative XREs
were identified in all five sGC genes, and the positions of these sequences relative to the
start codons are shown. Underlined bases identify the point mutations that were

introduced to the gcy-35 and gcy-36 reporters.
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Figure 4 Model for AHR-1 function in the URX neurons.

The URX neurons play a central role in hyperoxia avoidance and aggregation behavior.
NPR-1 activity inhibits URX depolarization and aggregation behavior. The TAX-2 /
TAX-4 cGMP gated ion channel promotes URX depolarization. GCY-35/GCY-36
guanylate cyclase complex responds to ambient oxygen and produces cGMP, thus
promoting URX depolarization. The AHR-1:AHA-1 transcription complex functions in
these neurons and induces the expression of multiple sGC genes, including gcy-35 and
gcy-36.  Since mutation of the putative XRE in gcy-35 and gcy-36 does not abrogate
regulation by AHR-1 and AHA-1, we postulate that AHR-1 acts through other unidentified

factors to control gey-35 and gcy-36 expression.
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CHAPTER 4 GENERAL CONCLUSIONS

Summarization

In this dissertation, I analyze the endogenous function of C. elegans aryl hydrocarbon
receptor, ahr-1. The major findings include: (1) ahr-1 is expressed primarily in the
neural system, as indicated by the expression pattern of ahr-1:GFP reporters. I have
identified all 28 neurons that express ahr-1 in early L1 larvaec. These neurons belong to
different neuronal subtypes. (2) Normal ahr-I function is required to regulate neuronal
development as evidenced by aberrant cell migration, axon path finding and gene expression
in ahr-1-deficient animals. (3) I identified a transcription cascade in which UNC-86
positively regulates the expression of ahr-I in URX neurons and AHR-1 positively
regulates the expression of npr-1 and several soluble guanylate cyclate genes. (4) AHR-1
functions acutely in neurons to regulate their physiological function and promote
aggregation behavior.

AHR-1 regulates neuronal development

A young adult hermaphrodite is composed of 959 somatic nuclei, including 302
neurons (White et al., 1986). We created two ahr-1:GFP reporters and analyzed the
expression patterns of these reporters (Chapter 2). As indicated by ahr-1:GFP reporters,
ahr-1 is expressed primarily in the neural system of C. elegans. The expression is limited
to a small group of neural cells. We have identified all the cells that express ahr-1:GFP
in L1 larvae and these cells include 28 neurons and 2 socket cells. Some of these neurons
are generated postembryonically in early L1 larvae. In newly hatched larvae, the QR
neuroblast cell is originally located at the posterior body, and it migrates from posterior to
anterior. QR divides during the migration and its descendant cells differentiate into 3
neurons, AVM, AQR and SDQR. ahr-1:GFP does not express in QR. However, the
GFP is detected in all of the QR’s descendant cells during their migration and

differentiation. Similar expression patterns were observed in QL and T cell lineages.
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Phenotypic analyses of ahr-I loss-of-function mutants suggest that normal ahr-1I
function is required for the appropriate development of AVM, AQR and SDQR neurons, as
evidenced by aberrant cell migration, axon pathfinding and gene expression. The
neuronal development function of AHR-1 is not restricted to the QR cell lineage or to any
specific neuron subtype. PLML and PLMR are two touch neurons in the tail and are
generated during embryonic development. In ahr-1-deficient animals, PLML and PLMR
also exhibit cell migration and axon pathfinding defects. In addition to these defects,
some ahr-1-deficient animals have one or more extra cells that express a PLM cell type
specific GFP marker. This suggests that ahr-1 function is required for programmed cell
death or lack of ahr-1 function causes other cells to adopt PLM cell fate.

The requirement for ahr-I in neural development was further supported by an
independent study. Elaborate studies have demonstrated that AHR-1 determined the cell
fate specification of RME GABAergic neurons (Huang et al., 2004). In ahr-1-deficient
animals, RMEL and RMER neurons adopt the cell fates of RMED and RMEV. In
contract, ectopically expressing ahr-I in RMED and RMEV neurons transforms these
neurons into RMEL and RMER like neurons.

Like its mammalian cognate, AHR-1 can form a protein complex with AHA-1 (C.
elegans ARNT homolog) and bind to an XRE specifically in vitro. This suggests that
AHR-1 forms a transcription complex in vivo with AHA-1 to regulate the expression of
developmental important genes. This hypothesis predicts that AHA-1 normal function is
also required to regulate neuronal development. To test this hypothesis, we analyzed
aha-1-deficient worms and mosaic worms that lack AHA-1 function in most of the
non-pharyngeal neurons. These worms exhibit SDQR migration defect and RMEL/D
specification defect similar to those of ahr-1-deficient worms (Huang et al., 2004; Qin and
Powell-Coffman, 2004). Thus these genetic data support the hypothesis that AHR-1

functions in a transcription complex with AHA-1 to regulate neuronal development.
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During the neuronal development, transcription factors function in transcription
cascades to specify the cell fate of neurons. We reported a transcription cascade in which
UNC-86 acts upstream of ahr-1 to regulate the expression of npr-1 and multiple soluble
guanylate cyclase genes in URXL and URXR neurons. These results and the generated
reagents provide the foundation for a GFP based genetic screening to identify regulators
for ahr-1 signaling. The recently identified RNAi sensitive mutant strains make it
feasible to efficiently knock down gene activity in neurons by feeding the worms with
bacteria that express double strand mRNA (Sieburth et al., 2005). ~ Combining traditional
forward genetic screening with RNAIi screening will facilitate the process of identifying
ahr-1 regulators.

To understand the mechanism by which AHR-1 regulates SDQR development, we
created double mutant of ahr-1 with genes in known signaling pathways that regulate or
might regulate SDQR migration, including UNC-6/Netrin, SLT-1/SLIT and
UNC-129/TGF-B. All double mutants significantly enhance the SDQR migration defects
of each single mutant. These data suggest two nonexclusive possibilities: 1) AHR-1
might mediate response to one or more unidentified dorsal-ventral SDQR guidance signal.
2) AHR-1 might mediate the response to multiple SDQR dorsal-ventral guidance cues.
Considering the high penetrance of SDQR migration defects in ahr-1 (53%) and unc-6
(74%) mutants, it is more likely that AHR-1 mediates the cellular response to multiple
guidance cues. Many cytoplasmic molecules that mediate guidance cue signaling for cell
migration and axon pathfinding have been identified, including members of the Rho family
GTPases, GEFs (UNC-73/Trio), UNC-34/Enabled, UNC-115 (a putative active binding
protein), UNC-44/Ankyrin, SRC-1 (a non-receptor protein tyrosine kinase ) and others
(Otsuka et al., 1995; Steven et al., 1998; Montell, 1999; Wu et al., 2002; Yu et al., 2002;
Fukata et al., 2003; Gitai et al., 2003; Itoh et al., 2005; Shakir et al., 2006). However,
none of the cytoplasmic molecules that regulate SDQR cell migration and/or axon

pathfinding have been identified. Identifying AHR-1 target genes that function in the
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SDQR neuron to mediate the response to guidance signaling will provide insights to
understand how the receptors transfer guidance signals to the cytoskeleton and achieve the
migration events.
AHR-1 regulates aggregation behavior
ahr-1-deficient animals are viable and do not exhibit dramatic behavioral defects.
These worms can move, mate well and respond to many chemicals as WT worms
(unpublished data of JAPC lab). However, careful behavior assays demonstrate that
normal ahr-1 function is required to promote the aggregation feeding behavior of npr-1
mutants (Chapter 3). C. elegans wild type strain N2 feeds solitarily on bacteria food, while
some strains isolated from the wild feed in groups. This behavioral variance is associated
with two NPR-1 protein isoforms. Strains carrying high activity NPR-1 isoform feed
individually, while strains carrying low NPR-1 activity isoform feed in groups. npr-1
loss-of-function mutants exhibit stronger aggregation behavior than “social” strains (de
Bono and Bargmann, 1998). ahr-1-deficient worms are solitary feeders, like the wild type
N2 strain. However, ahr-1 loss-of-function mutants suppress the aggregation behavior of
npr-1 mutants. Aggregation behavior is finely regulated by gene networks that function in
complicated neuronal circuits. Several groups of neurons have been identified that control
aggregation behavior (Coates and de Bono, 2002; de Bono et al., 2002). ahr-1 is expressed
in four of these neurons, URXL, URXR, AQR and PQR. To test if ahr-1’s function in
URX (URXL and URXR) neurons is sufficient to promote aggregation behavior, we created
mosaic transgenic worms and showed that the expression of ahr-1 in only four neurons,
URXL, URXR, AUA and PVM, using the fip-8 promoter is sufficient to restore aggregation
behavior to ahr-1, npr-1 double mutants. 5% of ahr-1 (ia03); npr-1 (kyl3) double mutants
feed in groups. Introduction of the fIp-8::ahr-1 transgene increases aggregation behavior
over 5-fold (28% of the animals feed in groups). Touch neuron PVM is not required for
aggregation behavior. ahr-1:GFP does not express in interneuron AUA. Thus, we favor

a model that AHR-1 functions in URX neurons to regulate aggregation behavior.
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Currently, fIp-8 is the only promoter that is appropriate for this study. The expression of
gcy-32 and other soluble guanylate cyclase genes that express in URX is controlled by
AHR-1 transcription factor. Using these promoters to drive the expression of transgenes in
ahr-1-deficient animal is infeasible. Other URX cell type specific genes have broad
expression patterns that could compromise the results.

URXL and URXR neurons are generated in the embryo. It is not clear whether
ahr-1:GFP is expressed in their progenitor cells and during the differentiation of these
neurons. However, ahr-1:GFP is detectable in URX neurons by the late embryonic stage,
and the expression is maintained at high level until the worms die. This type of expression
pattern raises two non-exclusive models to explain how AHR-1 regulates aggregation
behavior: 1) AHR-1’s function is required during critical development period to regulate
the development of the neurons. 2) AHR-1’s function is required acutely to regulate the
physiological function of the neurons.

Unlike AVM and SDQR neurons, URX neurons have no obvious morphological
defects in ahr-1-deficient worms. In ahr-1(ia03) mutants, URX neurons are generated and
their axons appear as normal. We analyzed AHR-1’s development roles in URX neurons
by testing gene expression. Normal ahr-1 function is not required for the expression of a
panneuron GFP marker, nor a cell type specific GFP marker egl-2. However, the
expression of several cell type specific genes, including npr-I and several soluable
guanylate cyclate genes depends on AHR-1 function. These data suggest that AHR-1
function is required to regulate a subset of development program of URX neurons. This
developmental function might or might not contribute to the regulation of aggregation
behavior.

To test the hypothesis that AHR-1 regulates the physiological function of URX
neurons to promote aggregation behavior, we used a heat shock protein promoter Aspl6.2 to
drive the expression of AHR-1 temporally. Inducing AHR-1 expression by thirty minutes

of heat shock after URX neurons have fully developed is sufficient to restore aggregation
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behavior to ahr-1, npr-1 double mutants. This clearly demonstrates that AHR-1 can
facilitate aggregation behavior by regulating the physiological function of neurons.
AHR-1:AHA-1 transcription complex controls the expression of gcy-35 and gcy-36, two
key regulators of npr-I-mediated aggregation behavior. GCY-35 and GCY-36 function as
an o/f soluble guanylate cyclate to induce aggregation behavior (Cheung et al., 2004; Gray
et al., 2004). High guanylate cyclate activity facilitates the worms to avoid hyperoxia
environment and induces aggregation behavior (Gray et al., 2004). Oxygen binds GCY-35
in vitro and the enzyme activity of Drosophila atypical guanylate cyclates can be regulated
acutely by oxygen concentration in COS-7 cells (Gray et al., 2004; Morton, 2004). Low
oxygen (O,) concentration suppresses npr-1-mediated aggregation behavior in a quantitive
manner. Switching the worms from low oxygen condition back to normal plates releases
the npr-I-mediated aggregation behavior within 3 minutes (Gray et al., 2004). Thus,
oxygen may acutely regulate the guanylate cyclate activity of GCY-35 and GCY-36, and the
generant cGMP signal regulates the neuronal activity of URX to promote aggregation
behavior. These evidences suggest that AHR-1 controls the expression of gcy-35 and
gcy-36 genes and thereby acutely regulates URX neuronal activity to promote aggregation
behavior. However, AHR-1 might also regulate the expression of other genes that have
important roles in regulating aggregation behavior. Supporting this hypothesis, using fip-8
promoter to express gcy-35 and/or gcy-36 in URX neurons can not restore aggregation
behavior to ahr-1, npr-1 double mutants. Each gcy-32 or gcy-34 single mutant does not
suppress npr-1-mediated aggregation behavior (Cheung et al., 2004). However, a recent
study have reported that gcy-32, gcy-34 double mutant suppress npr-1-mediated aggregation
behavior (Cheung et al., 2005). Fully understanding how AHR-1 regulates aggregation
behavior requires identifying AHR-1 dependent genes in URX neurons.
Significance of this study

The work reported in this dissertation initiates the studies of AHR endogenous neural

functions in a powerful genetic model system C. elegans. The results from this study
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provide the framework for understanding AHR endogenous functions in neuronal systems.
My work has revealed that AHR-1 plays important roles in regulating both neuronal
development and neuron activity. A study by another group focused on a group of
GABAergic neurons, and they conclude that AHR-1 controls the cell fate specification of
RME neurons (Huang et al., 2004). A recent publication demonstrates that Drosophila
AHR/Spineless determines the cell fate specification of R7 photoreceptor cells in the
ommatidia (Wernet et al., 2006). These findings suggest that ancestral AHR has a
conserved role in regulating neuronal development. Toxicological studies in vertebrates
have shown that AHR functions in neural system to mediate the neural toxic effect of
TCDD presumably by interfering with neural development and the physiological function
of the brain. Thus, vertebrate AHR might have conserved endogenous functions in neural
system. Studying AHR-1 function and regulation will provide significant clues that will
help us to fully understand the AHR functions in human being and other experimental

organisms.
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