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SUMMARY

The development of the nervous system requires the differentiation. Not only are all AlY subtype characteristics

coordinated activity of a variety of regulatory factors that
define the individual properties of specific neuronal
subtypes. We report a regulatory cascade composed of
three homeodomain proteins that act to define the
properties of a specific interneuron class in the nematode
C. elegans We describe a set of differentiation markers
characteristic for the AlY interneuron class and show that
the ceh-10paired-type andttx-3 LIM-type homeobox genes
function to regulate all known subtype-specific features of
the AIY interneurons. In contrast, the acquisition of several
pan-neuronal features is unaffected inceh-10 and ttx-3
mutants, suggesting that the activity of these homeobox
genes separates pan-neuronal from subtype-specific
differentiation programs. The LIM homeobox genettx-3
appears to play a central role in regulation of AlY

lost in ttx-3 mutants, but ectopic misexpression oftx-3 is
also sufficient to induce AlY-like features in a restricted set
of neurons. One of the targets ofeh-10and ttx-3 is a novel
type of homeobox genezeh-23.We show thatceh-23is not
required for the initial adoption of AlY differentiation
characteristics, but instead is required to maintain the
expression of one defined AlY differentiation feature.
Finally, we demonstrate that the regulatory relationship
betweenceh-1(Q ttx-3 and ceh-23is only partially conserved
in other neurons in the nervous system. Our findings
illustrate the complexity of transcriptional regulation in the
nervous system and provide an example for the intricate
interdependence of transcription factor action.
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INTRODUCTION presumably results in a progressive restriction in the
developmental potential of a neuron, eventually leading to
Differential gene expression patterns are a characteristibe acquisition of its terminal differentiation features.
feature of individual cell types within the nervous systemTranscriptional regulatory cascades have, for example, been
Complex patterns of tightly controlled gene regulatorydescribed for neurogenic events involving bHLH proteins in
events are conferred by transcription factors that act at wertebrates and flies (Anderson and Jan, 1997), cell fate
variety of different stages during neuronal developmentdetermination in the vertebrate spinal cord (Edlund and
Some transcription factors act as early neuronal fatdessell, 1999; Tanabe et al., 1998), and cell subtype
determinants such that their disruption leads to the adoptispecification of a class of motoneurons (Baum et al., 1999)
of distinct, non-neuronal cell fates. Other transcriptionand touch sensory neurons (Mitani et al., 1993) in the
factors function later in development to regionalize thenematodeC. elegans.

nervous system, while the subsequent activity of yet A prominent class of transcription factors that acts to
other transcription factors determines specific subtypeetermine terminal differentiation characteristics of neurons
characteristics of neurons (Anderson and Jan, 1997; Barngthe LIM homeobox class of regulatory factors (Hobert and
and Goulding, 1996; Jurata et al.,, 2000). TranscriptioWestphal, 2000). In the mousks|1 is required for early
factors that act at distinct steps in the developmental histogspects of motoneuron differentiation (Pfaff et al., 1996),
of a neuron most likely function in hierarchical cascades oWhile later acting Lhx genes, such lalsx3 or Lhx4 define
gene regulation, in which early acting transcription factorghe identity of specific subtypes of motoneurons in the
turn on the expression of later acting transcriptionspinal cord (Sharma et al., 1998; Tsuchida et al., 1994).
factors. The hierarchical activation of transcription factorsLiml and Lmx1b coordinately direct axonal outgrowth
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patterns in vertebrate limbs (Kania et al.,, 2000). INMATERIALS AND METHODS
Drosophila genetic and neuroanatomical studies on
apterous islet and lim3 have revealed their involvement Transgenic strains
in several aspects of neuronal differentiation, includingextrachromosomal arrays
axon fasciculation, pathfinding and neurotransmitter choicadex1450=Ex[ser-2::gfp; lin-15(+))(courtesy of T. Niacaris and L.
(Lundgren et al., 1995; Thor et al., 1999; Thor and Thomagvery)
1997). As in vertebrates, combinatorial expression of Lh»tEx44 — otEx49, otEx97 — otEx101=Ex]ttx-3full::gfp; pRF4]
genes inDrosophiladetermines motoneuron differentiation OtEXS7=Ex(ttx-3full::gfp; pBX]
and axonal targeting choices in the ventral nerve cord (ThHEX65=Ex[unc-119::ttx-3; pRF4]
et al., 1999). otEx75=Ex[unc-3§::gfp; unc-4(+)]
As revealed by the genome sequencing profecelegans ~ OEX93=EX[pflp-1::gfp; pRF4]

tai Lh hich din | OtEx95, otEx96=Ex[unc-119::ttx-3; unc-122::gfp]; unc-122::gfpa
contains seven X genes, wnicn are expressed In largely n SW injection marker (see below)

overlapping sets of neurons (Hobert and Westphal, 2000)tex54=Ex[C36B7.7::gfp; pRF4j(courtesy of T. Ishihara and I.

mec-3,0ne of the founding members of the Lhx gene familykatsura).

represents the end-point in a cascade of transcriptional

regulatory factors that determines the fate of touch sensofghromosomally integrated arrays

neurons (Mitani et al., 1993; Way and Chalfie, 1988c-3  evislllntegratedEx[F25B3.3::gfp;dpy-20(+)](kindly provided by

directly regulates the transcription of genes required for touc#pe Culotti) _

sensory neuron function such as thec-7p-tubulin gene and kyls5I\~integratedEx[ceh-23::gfp; lin-15(+)] (Forrester et al., 1998)

the mec-dion channel gene (Duggan et al., 1998). Tinel1, mgrlsnl].8-l\§ . aﬂg 15mgls32l|I=|ndependently integrated Ex[ttx-

lim-6 andceh-14genes act to control as yet undefined SUbtypgotF:s()?:iH?eg’rzﬁed Ex][zig-2::gfp; pRF4] (O. Aurelio and O. H.,

characteristics of specific neurons and other tissue typ published)

(Cassata et al., 2000; Freyd et al., 1990; Hobert et al., 199§;s1 4integrated Ex[zig-3::gfp; pRF4] (O. Aurelio and O. H.,

Hobert et al., 1999), while tHen-4 gene functions as a binary unpublished)

cell-type switch in a class of odorsensory neurons (Sagasti éfis24=integratedEx[sre-1::gfp; dpy-20(+)]

al., 1999). otls33I\&integrated Ex[kal-1::gfp; pBX] (H. Buelow and O. H.,
There are three central aspects of Lhx gene function thatpublished)

remain poorly understood in any system. First, the precisetls45=integratedEx[unc-119::gfp] _

nature of cellular defects evoked by loss of Lhx proteirfé“?62 otllilgfs:fntegraticélf];([psra-%%:I:gfp; pRF4jand integrated

function is often unclear owing to the paucity of specific cell=XIPSfa-11-3:.91p; unc-2{+) respectively

fate and neuroanatomical markers. Second, with a feHSd7!V. Otis98, otis99mtegratedotEx65

. - ot]s10FintegratedadEx1450
exceptions (Benveniste et al., 1998; Duggan et al., 1998), tarQ%Jsu?:integrated)tEx?S.

genes of th proteins in the nervous system have remainedrpe injection markerpBX was used in apha-1(e2123ts)

largely elusive. Finally, the nature of upstream regulators dfackground; unc-4(+), lin-15(+) and dpy-20(+) were used in

Lhx genes and hence the integration of Lhx gene function intgnc-4(e120) lin-15(n765ts) and dpy-20(e1362) backgrounds,

larger transcriptional regulatory cascades or networks is littleespectively; angpRF4andunc-122::gfpin a wild-type background.

understood. (The protocol for integrating extrachromosomal arrays can be
We address these key questions for GheelegansLhx found at http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/hobert/

genettx-3. We have previously shown thétix-3 mutant  Protocols.htm)

animals display defects in thermoregulatory behavior that

mimic the defects seen upon ablation of a class oBehavioral assays

interneurons in the thermoregulatory neuronal circuit, thdhermotaxis assays were performed as described (Hedgecock and

AlY interneuron class (Hobert et al., 1997). The expressiofRussell, 1975). In our specific set-up, an aluminum slab bridged two

of ttx-3 in the AlY interneurons of wild-type animals hence Water boaths, one at 61°C, the other ?t 5°C; the ambient temperature

suggested thattx-3 is required for the AlY neurons to was 25°C. Animals were grown at 20°C and assayed on a gridded 10

. . m square petri dish that had equilibrated on the aluminum plate to
Iﬁggt'sv?ﬂﬁﬁpr%%”aﬁy (m(t)griguerz)r?;titxl-ggi?s). \s‘/;tn%v%/ S;OV\gstablish a stable gradient from 22°C to 16.5°C (measured with a

S LS surface temperature probe). Animals were placed into the center of
transcriptional regulatory cascade, which involves two othejhe gradient. After an assay time of 40-60 minutes, the animals were
homeobox genes;eh-10and ceh-23 We demonstrate that anaesthetized. For scoring, the plate was divided into six regions of
ttx-3is not required for the adoption of pan-neuronal features.3 cm width (see Fig. 3A) and animals were counted in each region.
of the AlY interneurons but is rather required for the subtypénimals that had not left the 1.7 muadrant in which they had been
specification of this interneuron class. We describe severdlitially placed were not scored.

genes that participate in defining AlY cell fate and that Dauer assays were performed by allowing four gravid adults per

represent either direct or indirect targets of tte-3  Plate to lay eggs for 20 hours at 15°C. Adults were picked off and

transcription factor. Neuroanatomical defects caused by Ioé?e" offspring cultivated on an OP50 seeded plate at 25°C. After 3.5

of ttx-3 function resemble those seen in axon pathfindin ays, the brood was scored. Animals that showed the characteristic

tant ting thtik-3is also | lved in det - hin elongated shape of dauers and displayed a characteristic dauer
mutants, suggesting -oIS also Involved In determining ¢ icle were scored as dauers; all the remaining animals at a stage

patterns Qf axonal outgrowth. Furthermore, we show that giger than L3 were scored as non-dauers. Many oHlgie; ttx-3

transcription factor regulated li§k-3, theceh-23homeobox  pypasser animals had transiently passed through a dauer-like, if not
gene, participates in the regulation of a presumptix€  complete dauer stage, in which they remained for a variable amount
downstream target gene. of time. Hence, at the scoring time, dauer bypass mutants were
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observed at all different stages (L3 to adults). The ‘dauer bypas®ilgrim, 1995) the unc-33::gfp reporter is expressed in dividing
phenotype thus encompasses a failure to enter the dauer stage, as nellroblasts at pre-comma embryonic stages (data not shamm).

as a failure to appropriately arrest in the dauer stage. 33::gfpexpression can be observed outside the nervous system in two
) ) ) amphid socket cells and weakly in non-neuronal pharyngeal cells. We
Isolation and analysis of ~ ceh-23 null mutant animals also generated a fusion of th gene to the promoter of tf@5B3.3

A ceh-23null allele was isolated using a transposon-tagging strateggene, theC. elegansortholog of the C#-regulatedras nucleotide
(Zwaal et al., 1993). First, a Tcl insertion in teh-23gene was exchange factor CalDAG-GEFII/RasGRP, which is ubiquitously
isolated by PCR screening of a Tcl library made from the MT312@&xpressed in the vertebrate nervous system (Ebinu et al., 1998;
strain, using Tcl- andeh-23specific primers. The isolated strain Kawasaki et al., 1998). F25B3.3 and vertebrate CalDAG-
YK16[mut-2(r459); ceh-23(ms16::Tcl); dpy-19(n1347)dontained  GEFI/RasGRP both contain a unique combination of domains, a
the Tcl insertion in the last exon in the middle of the homeodomainucleotide exchange factor domain, two EF hands and a Cys-rich
at position 12957 (numbering of cosmid sequence ZK652). YK16 wadiacylglycerol binding motif; the respectiv€. elegansand rat
then PCR screened for Tcl excision events usily23specific  proteins show 35% identity and 57% similarity throughout the whole
primers. An imprecise Tcl excision was identified in strainlength of the protein. Th&25B3.3::gfp construct contains 3.5 kb
YK23[mut-2(r459); ceh-23(ms23); dpy-19(n1347)llat position  genomic sequences upstream of the predicted ATG start site and the
11098-12961. The junction sequence is!...5TGAGCTTT- first six amino acids of the predicted protein and is exclusively
G[deletion]AGTCGGAGCA....3 YK23 was outcrossed several times expressed throughout the nervous syste@.ialegangsee Fig. 6A).
with Bristol N2. As YK23 has no obvious phenotype, the genotypén contrast tounc-119::gfp and unc-33::gfp which are already
was scored using a triplex PCR, in which the three primers U2, D&xpressed in neuroblasi25B3.3::gfpis a postmitotic pan-neuronal
and D3 gave a 1 kb product on homozygoelk-23(ms23animals,  marker, i.e. its onset of expression is observed after the terminal
a 1 kb/730 bp doublet on heterozygous animals and a 730 bp produtivision of neurons (around 450 minutes of embryonic development;
on wild-type animals. The primer sequences are: U2, 5 see Fig. 6B).
TACCTGCACAACACACTGAC-3; D2, 3-TGGCAAAATCATGG- )
CGGAAC-3; and D3, 5TTGGATCCAGCAATTGTTTGAA-  Pan-neuronal expression of  ftx-3
GAACGT-3. The unc-119::ttx-3construct contains the genomic coding region of
ceh-23::gfpexpression in several neuron classes other than AlMitx-3 from ATG to TGA cloned into th@&nc-119expression vector
including ADF, ADL, AWC, AFD, PHA, PHB and CAN (Forrester pBY103 (Maduro and Pilgrim, 1995). This construct was injected at
et al., 1998), prompted us to assay differentiation of some of thesd® ngfil together with either pRF4d]-6) orunc-122::gfpas injection
neurons irceh-23null mutants. We found that the AFD and ASE cell marker into amgls18; ttx-3(ks5)ktrain to yield three independent
fate markergcy-8::gfpandgcy-5::gfp respectively, the ADF, ADL, transgenic linesptEx65, otEx95and otEx96 All three lines show
PHA, PHB cell fate markesrb-6::gfp, the AWC cell fate markestr- complete rescue of the autoregulatory defects of ttke3(ks5)
2::gfp and the CAN cell fate markdeal-1::gfp were all correctly = mutation. otEx65 was chromosomally integrated to yield three
expressed iseh-23(ms233nimals (data not shown). Moreover, ADL independent integrantsptls97, otls98 and otls99 All three
and PHA/PHB show normal dye filling behavior. In those cases wherextrachromosomal lines as well as all three integrated lines show
the neuron could be visualized in relative isolation (AFD, ASE, AWC ectopicttx-3prom::gfpexpression in RID and CAN (CAN expression

CAN, PHA/B), the anatomy of the neuron appeared wild type. is less consistent intEx95and otEx96. otEx95 and otEx96 were
) assayed for thermotaxis behavior either in a wild-typé&xeB(ks5
Genetic screen for new ttx-3 alleles mutant background.

To screen for newitx-3 alleles, we made use of two previously We examined ectopic expression of AlY fate markers other than
described consequences of loss tf-3 function, the partial ttx-3prom::gfpby using the extrachromosomal lio€Ex65 which we
suppression of the dauer constitutive phenotype dé&far loss-of-  crossed withotls33 (kal-1::gfp), kyls5 (ceh-23::gfp, otls107 (ser-
function allele and the loss of positive autoregulation oftth@ gene  2::gfp) and otls123 (sra-11::gfp) As kal-1::gfp and ser-2::gfp are
(Hobert et al., 1997). Adaf-7(e1372)lll; mglsl8lVstrain, that already expressed in a substantial number of neurons in the head
contains an integratetix-3prom::gfp array, was mutagenized with ganglia it was difficult to determine ectopic expression outside their
EMS at the L4 larval stage. The &ffspring were allowed to grow to normal expression domains in the head ganglia; it was clear, however,
the adult stage at 15°C. Eggs were prepared from these animals usthgt pan-neuronal expression tk-3 did not cause a significant
standard bleaching protocols. Approximately 100-300 eggs of this Foroadening of the expression of either of the markers in the nervous
generation were placed on single plates and cultivated at 25°C. Ordystem.

plates that contained dauer bypass mutants quickly grew to starvation. ) N

Those plates were chunked and again grown to starvation at 25%NC-17 antibody staining

twice, in order to enrich for homozygous animals with the bypassee used a modification of the freeze-cracking method kindly provided
phenotype. Animals were isolated from plates that showedo us by J. Duerr. Briefly, mixed stage animals that were grown at 20°C
downregulateditx-3prom::gfp expression, and after testing for X- were transferred onto poly-L-lysine coated slides and covered with a
linkage of the defect thiéx-3 genomic locus was sequenced. Out of coverslip. Slides were then frozen in liquid nitrogen and animals were
>100,000 haploid genomes screened, we retrieved tix8alleles,  cracked by flipping coverslips off. Animals were quickly fixed in
mg158, ot22andot23. In addition, we obtained anothix-3 allele, methanol and acetone, incubated in blocking serum and co-stained
nj14, that was isolated by Ikue Mori in an independent screen fowith mouse monoclonal anti-UNC-17 (kindly provided by J. Duerr and
mutants that affedtx-3prom::gfpexpression. J. Rand) and polyclonal anti-GFP (Molecular Probes) antibodies.

Pan-neuronal marker genes Other DNA constructs

We reasoned that thenc-33 gene, which appears to affect axon The ttx-3 expression constructs-3rescandttx-3prom::gfpshown in
pathfinding throughout the nervous system (Hedgecock et al., 198bjg. 1B, have been described already (Hobert et al., 18@Bfull::gfp
Mclintire et al., 1992), may be pan-neuronally expressed. We fusedrapresents a GFP PCR fusion product in which the genomic region
2.7kb genomic fragment that is immediately upstream to the start sitwntained withinttx-3reschas been PCR-fused ¢fp::unc-54-3UTR

of the previously describaghc-33 mRNAranscript (Li et al., 1992) from the pPD95.75 vector. (Protocol for PCR fusion can be found at:
to gfp and found this reporter gene to be expressed throughout thetp://comcnet.columbia.edu/dept/gsas/biochem/labs/hobert/protocols.
whole nervous system (see Fig. 6A). Likec-119::gfp(Maduro and  htm). Thesra-11::gfpconstruct is termegsra-11-3::gfpand contains
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P\ 2 Fig. 1. Expression of homeobox genes in the AlY
« -.—— Pharyn. n. AR interneuron class. (A) Overlap of a DIC and a
fluorescent image showing expression tika
3full::gfp reporter gene construct (schematically
shown in part B) in the nucleus of several head
neurons of an early L2 stage animal. The
fluorescent images were taken in several optical
sections and layered upon each other. In this

-— ADL o 57 animal (genotypeotEx57 comparably strong
. ” : expression can be seen in AlY, AIA, ADL and
\ : ASI. Within a population, 41/4&tEx57animals
AS| - show strong expression in AlY and 39/41 show

expression in AlA, 28/41 in ADL and 25/41 in
ASI. Similar patterns of expression can be seen
with a total of 12 independently obtained
extrachromosomal arraystEx45-0tEx49,
otEx57andotEx97-0tEx10L Pharyn. n.,
pharyngeal neuron. (B) Schematic representation
of the expression constructs ustx-3resc
rescues the thermotaxis phenotypébof3

mutant animals (Hobert et al., 199~
3prom::gfpreveals postembryonic expression
exclusively in the AlY interneuron class (Hobert
et al., 1997)itx-3full::gfp expression is shown in
A. (C) Schematic representation of the
expression ofeh-10::lacZ(Svendsen and
McGhee, 1995)ttx-3full::gfp (this study) and

B ceh-23::gfp(Forrester et al., 1998) reporter

ttx-3resc constructs in th€. eleganservous system.
Expression in neurons of the tail ganglia is not
e v shown. The name of neurons in which expression
ttx-3prom:-gfp of any of the three genes overlaps is bold and
underlined.
ttx-3full::gfp

interneuron pairunc-122::gfpis a reporter gene
construct that is strongly and exclusively expressed
C in coloemocytes and used as an injection marker (P.
Loria and O. H., unpublished). Genomic fragments
were amplified by PCR and subcloned into the
standard GFP vectors pPD95.75 or pPD9XK@lr.
1:9ofp, zig-2::gfp, zig-3::gfp, ser-2:gfpand
C36B7.7::gfpwill be described elsewhere.

'\..

o ». o
:fg:f; SEIACED RESULTS
00w, (IO~
A -.’-.i',‘*_f"- Expression of three homeobox genes

in the AlY interneurons

We have previously shown that a genomic
fragment that contains 3.1 kb of sequente 5
of thettx-3 translational start site as well as
the first two exons and introns of thtg-3
gene directs expression ofjfp reporter gene

to a single class of two bilaterally symmetric
interneurons, AlIYL and AIYR (Hobert et al.,

) ) 1997). As additional regulatory elements for
a 3.9 kbXba genomic fragment, which encompasses most of thgty-3 gene expression may exist in more downstream located
coding region ofsra-11 and 2.8 kb of sequence upstream of thelntrons, we insertedfp coding sequences into a genomic

predicted start codon. This construct is different from the one previous : :
published (Troemel et al., 1995) and is more stably expressed in simil Pnstruct, which we had previously shown to rescuditks@

neuronal subtypes, namely AVB and AlY, but is also weakly expresse'a1Utant phenotype; this ConStht contains 3.1 k up§§ream
in AIA (see Fig. 5). Theflp-1:gfp construct contains a genomic Seduence and all exons and introns ofttke3 gene (Fig. 1).
fragment from the 'Sregion of theflp-1 gene (Nelson et al., 1998), EXxpression of this reporter gene construct is restricted to several
which extends from positior513 to—9 relative to thélp-1start codon. head neurons throughout larval and adult stages (Fig. 1). The
This construct is strongly and exclusively expressed in the AVKAIY interneuron class consistently expresses the reporter gene;
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slightly weaker but still very consistent expression is alsdlifferentiation by analyzing the loss-of-function phenotypes of
observed in the AIA interneuron class and less consistent atidese genes. To this end, we used the previously idergéted
weaker expression can be observed in the ADL and ASI sensat@null allele,gm58(Forrester et al., 1998) and newly identified
classes as well as two pharyngeal neurons. ttx-3 and ceh-23loss-of-function alleles, which we describe
As shown schematically in Fig. 1C, two other homeoboxbelow.
genes are also expressed in Atéh-10and ceh-23 ceh-10
was identified by sequence homology to homeobox gene@h-23 mutant allele
(Hawkins and McGhee, 1990) and independently in a screéie isolated @eh-23deletion allelems23 through PCR-based
for mutants affecting neuronal migration (Forrester et al.screening of a Tcl transposon library (see Materials and
1998); it contains a paired-type homeobox and represents thMethods). ceh-23(ms23)contains a 1864 bp deletion that
C. elegansortholog of the vertebrat€hx10/Chx10-Igenes, extends from 301 bp' ®f the ATG start codon into the last
which are expressed in a restricted set of interneurons in tlexon of the gene and deletes more than 75% of the coding
retina and spinal cord (Chen and Cepko, 20068h-23was  sequence, including half of the homeobox (Fig. 2B). It is thus
identified due to its proximity to th€. elegansHox cluster likely that this allele represents a complete loss-of-function
(Wang et al., 1993) and represents a diverged homeobox gesléele. Despite expression oeh-23in the CAN neurons, a
with no clear ortholog in other species and no conserved motifeuron class that is essential for survival (Forrester and
outside the homeodomain (Fig. 2A).

Isolation of mutations in homeobox A m-DLXS
genes expressed in the AlY 2FDLX4
interneurons m-DLX2
We sought to define the regulat moLx1 i .
relationship ofceh-10, ttx-3andceh-23as Z-DLX8 Distalless family
well as their function in AlY interneur Dm-DLL
m-DLX6
Fig. 2.ceh-23andttx-3 sequences and alleles. — C:;;:;
(A) Relationship of the CEH-23 =
homeodomain to its most closely related S
homeodomains. Although the CEH-23 m-EMX1 N
homeodomain bears a strong affinity to the m-EMX2
distal-lessandempty spiracleprotein DM-CG99D Empty spiracles family
families, othelC. elegangproteins represent DMEMS
the trueDIl andemsorthologs. CEH-23 .
appears to have no ortholog in other species, B CeCEH-2 -
suggesting that CEH-23 may have arisen by a
gene duplication event in the nematode ceh-23
lineage C. elegangroteins are bold and
underlined. Homeodomains that show the
highest similarity to the CEH-23
homeodomain were identified by BLAST —
searches (including searches of the 11/23/00 ms23deletian = 250bp
release of th€. elegangenome, the = L _
11/6/2000 release of the human genome = homeodamain
sequence and the 9/16/2000 release of the =LIM domains
Drosophilagenome sequence) and assembledC
into a phylogenetic tree using the ttx-3 ot23 ks5 ot22 nil4 mg158
pileup/distances/growtree algorithms of the G>A G->A G->A Tcl T->A
GCG package with default parameters. The (splice acceptor site) (splicedonor site)  (premature stop) Y (missensg

tree is rooted with LIM and POU l
homeodomain proteins (not shown). @h-

23(ms23)eletion allele. (Cjytx-3 mutant E\W
alleles The upper panel shows the schematic

localization of the nucleotide changedtit3

alleles. The lower panel shows the P

corresponding amino acid changes in the 1 Qg‘gﬁﬁtop njl4 ",:1%418?
homeodomainmg158contains a missense Tel

mutation in one of the most highly conserved 1| 10 Izj 0 | 40 50 60 | Ll |
residues of the homeodomain, F49 Ce. TTX3: SKRMRTSFK HFLRAMKTYFALNHNPDAKDLKQLAAKTNLTKR LQVWFQNARAKYRREL

(homeodomain numbering), which appears to

e i ° D.m. APTEROUS: T-rsrrmeemmees g - Slo N cR - W--MM
be indispensable for the structural integrity of H's. LHX: T T--Seerl Q-G Fe N
; ; : Ce ME3: RRE-TI-Q N- DVM.QEM-SNTPK-S KHRRAK-~ LE-G-SM-------R-S-E-- LK
homeodo_mams (Gehring et al., 19%)]-4 Ce LIN11:  RRGP--TI'A K-ET L- NA=ATP K-TRHRE--—E-G-  NM--|----R-S-E--M K
was provided by lkue Mori; due to its X /. XLIM-1:  RRGP-TI-A K~ET L-AA-ATP K-TRHIRE--QE-G- NM--|----R-S-E--M K
o : X I. XUM-3:  A=P-TITA K-—ET L- NAYNNSPK-ARHVRE--SSE-G- DM-- V----R-—E K- LK

molecular similarity tat22, it was not further Hs. ISLET-1: TT-V~ VLNEK- HTLR-CY-A-PR- LMKE~ VEM-G-SP-IR-—-- K- C- DKIRS
characterized. Gg LMK-1: P--P--| LTTQ-R-AF-AS-E VSSK- CR-VRET--E-G-S V-- VerQ-=M  KKLA
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wildtype

% animalsin givenregion

ttx-3(ks5) ttx-3(ot22)

Ve

22C E=——— 165C

—

13cm ttx-3(mg158) ttx-3(0t23)

ttx-3prom::gfp wildtype | ttx-3(ks5) | ttx-3(0t22) | ttx-3(ot23) | ttx-3(mgl58) genaype bypasserat 25°C n
expression in AIlY daf-7(e1372) 1% 489
strong 9 10% 0% 0% 0% daf-7(e1372); ttx-3(ks5) 45% 558
dim 1% 75% 4% 2% 8% daf-7(e1372); ttx-3(0t22) 63% 493
very dim 0% 0% 23% 5% 2% daf-7(e1372); ttx-3(ot23) 53% 256
undetectable 0% 15% 73% 93% 90% daf-7(e1372); ttx-3(mgl158) 62% 635

n 94 129 81 71 66 daf-7(e1372); ceh-23(ms23) 1% 650

Fig. 3. Phenotypic characterization k-3 andceh-23alleles. (A) Thermotaxis assays (see Materials and Methods). Animals were grown at
20°C. Number of assays per genotype: wild type N2s&h:23(ms23)8; ttx-3(ks5)=6; ttx-3(mg158¥6; ttx-3(0t22)=7; ttx-3(0t23¥8. For

each genotype, an average of 284-417 animals were tested per assay. The error bars represent the standard error o tiéfenerzece Th
cryophilic behavior between wild type aneh-23(ms23js not statistically significantly differenP$0.3; paired and unpaired Studenttest).
Our observation of a certain fraction of wild-type animals showing cryophilic behavior is consistent with previous repgetsogttexhd
Russell, 1975; Mori and Ohshima, 1995). (B) Effecttxf3 alleles on the level dfx-3prom::gfpexpression in AlY (white arrows point to
AIYL/R in different animals). All animals shown contain the integrateeéprom::gfparraymgls18 which was crossed into the respective
mutant backgrounds. ks5mutant animals signal strengthrafjls18is clearly reduced, yet enough freely diffusible GFP protein is made in
the cell to allow visualization of the axons. In contragj)s18expression is mostly undetectableng158, ot22andot23 mutants.

(C) Quantification of the defects shown in B. ‘Dim’ refers to clearly redgéedxpression with the axons being barely visible, ‘very dim’ to
gfp expression that is insufficient to visualize the axons. (D) Dauer assays (see Materials and Methods). Results are fronmfentsexpe

Garriga, 1997),ceh-23(ms23)mutant animals are viable amounts of truncated and partially active TTX-3 protein could
and display no obvious neuroanatomical, morphological obe generated through incorrect splicing. To undertake a

locomotory abnormalities (see Materials and Methods). detailed analysis of AlY interneuron fatetix-3 mutants, we
thus sought to identify new mutant alleles of the3 gene,
ttx-3 mutant alleles whose molecular nature may more unambiguously imply a

Prior to this study, only ontex-3 allele,ks5 was availableks5  complete loss dtx-3function. Through screening for mutants
mutant animals show thermotaxis defects that are similar twith characteristidtx-34ike defects, we identified a total of
those seen in animals in which the AIY interneurons havéhree newttx-3 alleles, termedngl58, ot22and ot23 (see
been ablated; additionally, when placed over a chromosomdlaterials and Methods). All three alleles result in
deficiency, ttx-3(ks5)behaves as a complete loss-of-functioncharacteristic thermotaxis defects (Fig. 3A), which mimic the
allele (Hobert et al., 1997). However, the molecular nature dhermotaxis defects seen upon laser ablation of the AlY
ks5 a splice site mutation, left open the possibility that smalinterneurons (Mori and Ohshima, 1995). Each allele was



Homeobox genes and interneuron differentiation 1957

A ttx-3prom:.gfp B ceh-23::gfp

wildtype

Fig. 4. Regulation of homeobox gene
expression in AlY. (AXtx-3prom::gfp

expression is absent @eh-10(gm58) ceh-10 ftx-3
animals. Homozygouseh-10(gm58 (gm58) (mg158)
offspring ofceh-10(gm58)/+; mgls18
hermaphrodites arrest as L1 larvae and
were identified based on their
phenotype. Expression was never observedC
(n>50). (B)ceh-23::gfpexpression is
dependent ottx-3. Adult ttx-3(mg158);
kyls5were scored. Quantification is shown
in Table 1. (C}tx-3prom::gfpexpression is
unaffected irceh-23(ms23hull mutant ceh-23
animals 6>50). Note the morphological (ms23) R
integrity of the AlY neuron in terms of its
cell position and axon morphology.

Table 1. Expression of AlY subtype markers irttx-3 and ceh-23mutant animals

Wild typef ttx-3 (ks58 ttx-3 (mg1583 ceh-23 (ms23)

AlY cell fate marker* L1 Adult L1 Adult L1 Adult L1 Adult
ttx-3 Homeobox 100r=94) 99 (=104) 7 =128) 10 (=129) 0 =45) 0 (=72) 100 (=56) 100 (=79)
ceh-23  Homeobox 871(=55) 100 6=67) 8 (=40) 00=117) 11 (=47) 0 (=87) N.D. N.D.
sra-11  Orphan 7TMR 921=73) 75 (=49) 01 (=75) 49 (=89) 0 (1=84) 0 (55) 94 (53) 4 (105)

ser-2 Putative metabotropic 84%32) 91 a=24) 19 (=21) 30 a=91) 27 (=26) 26 0=83) 83 =24) 85 0=80)
5-HT receptor

kal-1 Secreted protein 9mE21) 92 (=92) 6 (=29) 0 ©=97) 2 (=37) 2 (59) 9414=32) 93 (=56)

C36B7.7 Secreted protein T0£36) 83 (=143) 44 (=54) 35 (=59) 41 6=43) 38 0=26) 65 (=20) 79 6=73)

unc-17 Vesicular acetylcholine N.D. 81<£46) N.D. 26 (=24) N.D. N.D. N.D. 9316=70)
transporter

As residual expression of some AlY differentiation markers is still occasionally observed in the abserBéuattion, we tested whetheeh-23has a
supplementary but non-essential rolétia3 dependent gene regulatory events. For example, a residual amount of CEH-23 protein may still be extixe8sed in
mutants and be able to induce small amounts of expressibr3fiependent target genes. We tested this possibility by examining AlY marker gene expression
in ceh-23; ttx-Adouble mutants and found that the defects were no worse thartix-&sngle mutant (data not shown). Thus, wiile3 andceh-23apparently
both contribute to the regulation of te@-11gene, the regulation of othitx-3 target genes appears to be entirely independergtn? 3function.

*Cell fate marker expression was monitored by antibody staining-{7 or by examining the expressiongip reporter gene constructsxt3: mgls18, ceh-

23: kyls5, sra-11: otls62, ser-2: adEx1450, kal-1: otls33, C36B7.7: u)Ek&t#iwere crossed into the respective mutant backgrounds. Expression of the reporter
gene in wild-type and mutant phenotypes were compared side-by-side.

FNumbers are percentages of animals that show expression of the respective marker in the AlY interneuron class.

§Numbers are percentages of mutant animals that show ‘wild-type-like’ expression levels of the respective marker. ‘NaHikédeypression can be
subdivided into weak but detectable expression or entirely absent expression.

f\We had previously noted effectstbd-3(ks5)on sra-11::gfpexpression from an extrachromosomal array, yet found a substantial nurttke3(k5)animals
that still express the reporter (Fig. 5B in Hobert et al., 1997). Here, we use a drstihit:gfpconstruct (see Materials and Methods) that is expressed from a
chromosomally integrated array.

N.D., not determined.

defective in autoregulation of t-3prom::gfpreporter gene ceh-10, ttx-3 and ceh-23 constitute a regulatory

(Fig. 3B,C) and suppressed the dauer-constitutive phenotype cdiscade of transcription factors in the AlY neurons
daf-7(e1372at 25°C (Fig. 3D). While the behavioral defects The availability of mutant alleles in all three homeobox genes
of the new alleles were comparable with those seen in theas allowed us to address whether these transcriptional
previously availabl&s5allele, the autoregulatory defects of the regulators act either in a linear pathway or, alternatively, in
new alleles were stronger than in those observed witksthe independent pathways within the AlY interneuron class. In a
allele (Fig. 3B,C). Sequencing of the neitx-3 alleles presumptive linear pathwageh-10would likely be the most
confirmed the notion that at least two of themg{58, ot22  upstream acting gene, ash-10expression in AlY is only

are likely to be null fottx-3 function (Fig. 2C). observed during embryogenesis and fades after hatching
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wildtype ttx-3(mg158) ceh-23(ms23)
AVB\'
L1
adults

Fig. 5. Expression of the AlY cell fate markera-11::gfpin ttx-3 andceh-23mutant animalssra-11::gfpexpression was monitored by mating
otls62animals that harbor an integrated-11::gfpconstruct with animals of the respective mutant backgrounds. The animals 8y a
injection marker, leading to a slight distortion in the spatial arrangement of neurons. Quantification of the expressithre deié in
interneurons is shown in Table 1. While expressiosrafl1::gfpin AVB is strong and highly penetrant in L1 larvae, it is observed less
consistently and more weakly in adult animals (compare upper and lower panels; this observation was made with three indepetedent
integrantsptls62, otls12Andotls123. Expression ofra-11::gfpin AVB came to lie out of the plane of focus in teh-23(ms23); otls62
adult animal shown in the lower right panel. Expressiosr@fl1::gfpin AIA is difficult to consistently detect in larvae, yet clearly visible in
adult animals. 64% of wild-type adults show expressisd) in AIA and 38%1(=70) ofttx-3(mg158); otls62dults show expression in AlA
(see lower middle panel).

(Svendsen and McGhee, 1995), while expression oftboth  in AlY and several other head neurons (H. Buelow, Z. A.-G.
and ceh-23is initiated in embryogenesis and maintainedand O. H., unpublished). As the AlY neurons may constitute an
throughout adulthood (data not shown). Thus, we first testedtegration point of temperature and food sensory inputs
whetherceh-10is involved in initiation ofttx-3prom::gfpand  (Hobert et al., 1997; Mori and Ohshima, 1995) and since
ceh-23::gfpexpression. We found that in tbeh-10null allele  serotonin (5-HT) is involved in food signaling (Sze et al., 2000),
gmb58 ttx-3prom::gfp expression is abolished in the AlY we reasoned that 5-HT receptors may be expressed in AlY; we
interneurons (Fig. 4A). Conversely, ceh-10::lacZreporter indeed found that a seven-transmembrane receptor with
gene construct is still expressed tin-3 mutants (data not similarity to 5-HT and octopamine receptors, termed SER-2
shown). Forrester et al. have previously shown teat10is  (identified by T. Niacaris and L. Avery), is expressed in AlY.
required forceh-23::gfpexpression in AlY (Forrester et al., Moreover, an orphan serpentine receptor of unknown function,
1998). These findings demonstrate tbeth-10either directly SRA-11 (Troemel et al., 1995), an acetylcholine transporter
or indirectly regulates bottix-3 andceh-23expression. protein, UNC-17 (Alfonso et al., 1993; J. Duerr and J. Rand,
To elucidate the regulatory relationship betwésr3 and  personal communication) and a novel secreted protein of
ceh-23 we examinedteh-23::gfpexpression irttx-3 mutant  unknown function, C36B7.7 (T. Ishihara and 1. Katsura,
animals and found that losstbf-3 function leads to an almost pers.comm.) had been previously identified as being expressed
complete loss afeh-23::gfpexpression in AlY (Fig. 4B; Table in AlY and several other neurons. While the expression of none
1). Converselyttx-3prom::gfp expression was unaffected in of these eight markerséh-10 ttx-3, ceh-23 kal-1, ser-2 sra-
ceh-23null mutants (Fig. 4C; Table 1). Thugh-10, ttx-3and 11, unc-17 and C36B7.7 is entirely restricted to AlY, the
ceh-23 act in a linear regulatory cascade in the AlY expression of all eight markers exclusively overlaps in the AlY
interneurons withceh-10regulating the expression titx-3, interneuron class. AlY thus has a unique ‘address’, which

which then controlgeh-23expression. defines its identity and allows it to be distinguished from other

) o _ ) neurons. This ‘address’ has enabled us to investigate if and how
AlY differentiation can be monitored by expression the three homeobox genesh-10, ttx-3and ceh-23influence
of a series of cell fate markers AlY interneuron differentiation.

We next investigated how tlseh-10- ttx-3- ceh-23regulatory ) ) o

cascade couples to AlY interneuron development and functio§€h-23 is required to maintain one feature of the AlY

Cell type diversification in the nervous system is a consequenééfferentiation program

of differential gene expression within a given neuronal subtypa@Me examined the function akeh-23 the transcription factor
Hence, individual neuronal subtypes are defined by ththatis most downstream intheh-10- ttx-3- ceh-23cascade,
expression of a specific and unique combination of moleculdy analyzing the expression of AlY marker genes gela-23
markers. The AlY interneuron class can be described by suctull mutant background. We found thagh-23has no impact

a unigue combinatorial gene expression profile: in a genomen the regulation ofkal-1, C36B7.7, ser-2and unc-17
sequence based survey of expression patterns of putatiggpression, yet it affects expression of the orphan seven
neuronal cell surface molecules, we identified a Fnlll-domaintransmembrane receptsra-11 While sra-11::gfpexpression
containing cell surface protein with homology to the humarin ceh-23(ms23)L1 larvae appears normal, expression
Kallmann’'s syndrome gene, termed KAL-1, which is expressedecreases significantly in adult animals (Fig. 5 and Table 1).
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We also tested whetheeh-23is required for the known Table 2. Neuronal cell fate analysis ifitx-3 mutant animals
functions of the AIY interneurons, thermotaxis and daue

Expression in

arrest. Both behaviors were normal dah-23(ms23)mutant ttx-3(mg158
animals (E|g. 3A,D). We al_s_o observed that AlY interneuror Cellfate Inwild-type Ectopically
structure, i.e. cell body position an_d axon morphology appeaeuronal cell type marker*  locationt  in AlY
wild-type in ceh—_23nu|| mutants (Fig. 4C). In summangeh-  ~.isthat are related to SMDDZC21.2::gfp + _
23 hz_;\s no ro_Ielln the.regulatlon of k'nown aspects of AIY Ay by lineage§ AVK  flp-Lugfp + _
function, but it is required for the maintenance of one AlY AWC  str-2:gfp + -
differentiation characteristic, the expression of gra-11 AVL  unc-25:gfp + -
gene. Additionally,ceh-23may affect other as yet unknown Cells that are synaptically AlZ  lin-11::gfp + -
parameters of AlY structure and function. connected to AlY and/or  AFD  gcy-8:gfp + -
functionally relatedq AWA  odr-10:gfp + -
ttx-3 is required for the expression of all known ASE — gey-5:gfp * B
i . AWC str-2::gfp + -
subtype-specific aspects of AlY interneuron
differentiation Cells with AlY-like axon ~ AIM zig-3::gfp + -
- . . . projections and/or similar  AVK  flp-1::gfp + -
The finding that loss afeh-23function has neither an obvious  cell body position**
effect on axonal morphology of the AIY interneurons nor orq s ihat exprestix-3in ADL  srb-6:gfp . _
the known behaviors mediated by the AIY interneurons yjg.type animals ADL  sre-1:gfp + -
demonstrates that the functiontté-3, the upstream regulator ASI srd-1::gfp + -
of ceh-23,must go beyond regulation of tleeh-23gene, as ASI osm-10::gfp + -
ttx-3 animals display severe axonal and functional defects ¢ 22: ‘Z’iaf_‘27_-_-9ffp N B
the AIY interneurons (Fig. 3 and see Fig. 7). We examine: ASI Zig_ggggfg + -
parameters of AlY differentiation intx-3(mg158) mutant AlA sra-11:gfp  +/-ff -

animals using the AlY cell fate markers described above. W _
found that the expression of every known AlY subtype marke_*ZC21.2:gip=kyls123Colbert et al. 1997)p-L gfp=otEx03(Materials
depends onitx-3 function (Fig. 5 and Table 1). Expression of ?Jr:n ot al 0132,%;'-”'_?1?}3’_?“ I(?s(zﬁ?-laosble?t e 1332;0 el
h-23, kal-1, C36B7.7, ser-2, unc-aid sra-11is either —ovi o Do A0 o I Toos:
cen-zo, ) 1 , gcy-8=oyls17(Yu et al., 1997)pdr-10::gfp=kyls37(Sengupta et al., 1996);
significantly reduced or absenttix-3(mg158)andttx-3(ks5)  zig-2:gfp=otls7, zig-3::gfp=otls140. Aurelio and O. H., unpublishedyb-
mutant animals (Fig. 5 and Table 1). As shown in Fig. 5, th6:dfp=gmis12; sra-11::gfp=otis6ZTroemel et al., 1997}af-7::gfp=sals7
effect of loss oftx-3function on expression of tieea-11gene gs(ﬁ]réi%kg";rfi;ta?s"' 1996). Reporter gene arrays were crossatkinto

IS stronger (IOSS In _larvae and adu,lts) when Compare,d with tt T+, animals that show expression that is comparable with wild-type
loss ofceh-23function (loss only in adults), suggesting that expressionr>20).

the effect ofttx-3 on sra-11gene expression cannot be solely §This category includes neurons that show a lineage history that differs
explained by loss ofeh-23function. Rather, bothtx-3 and from AIYL/R at only one step in the invariant cell division pattern that

ceh-23seem to be contributing individually to the regulation 98"erates AIYL/R (Sulston, 1983).

of sra-11 expression. The finding thaitx-3 is required for AIYLIR: AB Plrpapaaap

expression of all known AlY subtype markers is in accordanc SMPDL/R: AB —/ -a  (Ssister cell)
; A ; AVKL/R: AB —f—p—

with the complete loss of AlY function in thermotaxis and - AB — p—

dauer arrest as shown in Fig. 3 and suggeststtth&tis a AWCL/R: AB ——a——

central regulator of AIY interneuron differentiation. At thiS gy receives major synaptic input from the AFD, AWA, AWC and ASE
point it can not be assessed how aberrant expression of thésensory neurons and makes prominent synapses onto AlZ (White et al.,
marker genes relates to the defects of AlY structure an1986). AFD, AlY and AlZ are functionally interconnected neurons in the
function inttx-3 mutants, as mutations in these marker geneth?‘inAqﬁ\jl?_XiZIi;Tﬁé&gli(in;recﬁt;iggg’ir}zggrzéracteristic row of three cells
have — with the eXCEptIO_n ainc-17— not been described so behind thé excretory cell in adult animals (Sulston et al., 1983; White et al.,
far. unc-17null mutants die as embryos (Alfonso et al., 1993);9g6). Additionally, AIM extends a monopolar axon into the nerve ring that
and can thus not be readily tested for AlY structure aniclosely resembles that of AlY (White et al., 1986).
function. unc-17hypomorphs show normal AlY morphology  ##sra-11:gfpexpression of thetls62strain in the AlA interneurons is
(see Table 3). observed .|n 64% of wild-type animals=#5) and 38%r(=70) ofttx-

As loss ofttx-3 function causes the AIY interneurons to S(M9158): otiséanimals.
adopt a variably defective axon morphology which is unlike
that of any other neuron, we consider it unlikely that a completlost several, if not all, of its subtype-specific characteristics and
transformation from AlY fate to the fate of another neurorremains in an at least partially undifferentiated state.
has taken place. We nevertheless tested this possibility by
examining the expression of a spectrum of markers for othdfx-3 and ceh-10 separate pan-neuronal from
cell fates inttx-3 mutant animals. We monitored fate markerssubtype-specific characteristics
expressed in cells that are related to AlY by either lineagén ttx-3 mutant animals, the AlY interneuron class may have
synaptic connectivity, function or axon morphology (Table 2)either completely lost all components of its neuronal identity
We found that none of these markers are ectopically activatet it may have exclusively lost subtype-specific aspects of its
in AlY in ttx-3(mgl158)mutant animals and thus found no differentiation program, while still maintaining nonspecific
evidence that AlY has adopted other distinct cell fate featuremspects of neuronal identity. We set out to distinguish between
(Table 2). We instead favor the possibility that AlY has simplythese possibilities by examining the expression of reporter gene
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Fig. 6. Examination of pan-
neuronal cell fate ittx-3 mutants. A
(A) Expression of three pan-

neuronal markersinc-119::gfp

(otls45, unc-33::gfp (otEx7pand
F25B3.3::gfp (evls11l)n wild-

type L1 larvae (see also Materials

and Methods). (B) F25B3.3::GFP

is expressed in postmitotic neurons.
Threeevis11lembryos are shown

in a fluorescence micrograph (left
panel) and a corresponding DIC
micrograph (right panel); the

embryos are at the threefold stage
(>500 minutes; upper left), the 1.5-
fold stage (>400 minutes; upper

right) and approximately the 350
minute stage (lower right). Most
embryonically generated neurons
have been born by the 350 minute
stage (Sulston et al., 1983).

(C) Expression of pan-neuronal C
markers irttx-3(mg158gnimals.
Fluorescence micrographs and the  wildtype
corresponding DIC images are F2553_3:;gfp
shown side by side. The three white

arrows point to the characteristic
row of three neurons behind the
excretory cell, AIM, AlY and
AVK. Animals are late
larvaelyoung adults. 100%x-
3(mg158); evisllanimals showe
expression in AlY 1§=25; large
white arrow). Expression aftls45
andotEx75is mosaic in wild-type
animals. 90% obtls45animals
showgfp expression in AlY
(n=39); inttx-3(mg158);0tls45,
88% of animals showgfp
expression in AlY §=48). In
OtEX75,62% of animals show ceh-10(gm58)
expression in AlY 1§=24); inttx- F25B3.3::gfp
3(mg158); otEx7553% of animals

show expression in AIYnE28).

F25B3.3::gfp unc-33:.gfp

unc-119::gfp

ttx-3(mg158)
q F25B3.3::gfp

tools that monitor aspects of pan-neuronal and non-subtyp#hat several AlY subtype markers failed to be expresseehin
specific neuronal differentiation. Besides the previoushlOnull mutants (Fig. 4 and data not shown). To address
describedunc-119 gene (Maduro and Pilgrim, 1995), we whether AlY lost pan-neuronal characteristicscéh-10null
constructed two other pan-neuronally expressed marker gen@sytants, we examined expression of ##bB3.3::gfp pan-
unc-33::gfpand F25B3.3::gfp (see Materials and Methods). neuronal marker irceh-10aull mutants and found it to be
unc-33::gfp, like unc-119::.gfp marks all neuroblasts and unaffected (Fig. 6C). The integrity of AlY generation and
differentiated neurons, while25B3.3::gfpis a marker for all  positioning inceh-10(gm58had also been noted previously by
postmitotic neurons (Fig. 6A and Materials and Methods). W®IC microscopy (Forrester et al., 1998). Themsh-10andttx-
crossed each of the three pan-neuronal marker genettxinto 3 both act downstream or in parallel to the determination of
3(mg158)mutant animals and found that lossttef3 function ~ pan-neuronal cell fate but upstream of the determination of the
has no appreciable effect on the expression of any of theseabtype-specific differentiation program.
marker genes in AlY (Fig. 6C). These findings show that the ) )
adoption of subtype-specific characteristics can be separatEgtopic ftx-3 expression reveals ceh-10-dependent
from the adoption of pan-neuronal characteristics andtthat constraints on  ttx-3 function
3 is required for the former but not the latter aspect of AlYThe results shown above reveal th&t-3 is an essential
development. regulator of subtype-specific aspects of the AlY differentiation
As ceh-10acts upstream dfx-3, it can be assumed that AlY program. To address whethéx-3 is also sufficient to induce
development is at least as severely affecteztkm10mutants  AlY-like features in other neurons, we ectopically expressed
as it is inttx-3 mutants. Consistent with this notion we found ttx-3 throughout the nervous system, using the pan-neuronal
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ceh-23::gfp

ttx-3(ks5) ttx-3prom::gfp

cell fate RID CANL/R
marker wt ectopic | wt ectopic
-3 -3
tiv-3prom::gfp + +
ceh-23::gfp + + o+
sra-11::gfp - o
ser-2::gfp + + + o+
kal-1::gfp + o+ + +

ceh-10(gm58) ttx-3prom:.gfp

Fig. 7. Effects of ectopidtx-3 expression and dependenceceh-10activity. (A,B) RID and CAN can adopt AlY-like features upon ectopic
expression oftx-3. (A) A transgenic animal is shown that expregse8prom::gfp(normally only expressed in AlY; see Fig. 3B) antt-
119::ttx-3from the independently integrated arraygls18andotls97IV, respectively, in #&x-3(ks5)background. Note that the autoregulatory
defect ofttx-3prom::gfpin AlY is completely rescued and that ectopic expression is induced in RID and CAN. The animal is slightly twisted
owing to the presence ofral-6 injection marker. Ectopic RID and CAN expression could be observed with several independent transgenic
lines (see Materials and Methods). (B) Ectopic expressiaetof3::gfpin RID upon pan-neuronéix-3 expression. The genotype of this

strain iskyls51V; otEx65Eleven out of 14 examined adults show expression in IRiB5animals never show GFP expression in RiB20).

(C) ceh-10dependence of ectopitx-3prom::gfpexpression. Homozygough-10(gm58offspring ofceh-10(gm58)/+; otls97mgls18IV
hermaphrodites arrest as L1 larvae and were identified based atirtpbienotype. In these animals, no GFP signal can be detected in RID,
CAN, or AlY (the approximate position of the AlY interneurons is indicated with an arrow), showing that expre#isi@fraim an

exogenous promoter can not rescuectt®10(gm58phenotype. White dots derive from autofluorescent gut granules. (D) Summary of
expression of several AlY cell fate markers in RID and CAN either in wild-type animals or in animals that pan-neuronadijbe8ores
Ectopicsra-11::gfpexpression in RID was observed in 19/19 animals (data not shown) and was never observed in wild-typea2dhals (

unc-119 promoter (see Materials and Methods). Severalinc-119::ttx-3 (see Materials and Methods). Pan-neuronal
independently obtained transgerix-3(ks5)mutant animals expression oftx-3 did not lead to a widespread expansion of
that expresaunc-119::ttx-3show normal expression dfx-  the expression domains of any of the five markers. However,
3prom::gfpin the AlY interneurons and are thus rescued forectopic expression of thex-3prom::gfpfate marker could be
the autoregulatory defect dfx-3 expression (Fig. 7). All unambiguously observed in two classes of neurons, the RID
transgenic lines are viable and show no obvious morphologicatotoneuron and the CAN neurons (Fig. 7A). Ectopic
abnormalities (see Materials and Methods). A pan-neuronallgxpression of theeh-23::gfpmarker as well as thea-11::gfp
expressedgfp reporter construct that visualizes severalmarker could also be detected in RID (Fig. 7B). Ectopic
structural aspects of the nervous system (including presenegpression ofer-2::gfp and kal-1::gfp in RID could not be
and localization of axon fascicles; fasciculation within nerveiested, as both markers are already expressed in RID in wild-
bundles; presence and localization of ganglia) reveals ntype animals. Similarlyceh-23::gfp, ser-2::gfandkal-1::gfp
obvious abnormalities in animals that exprébs3 pan- are already expressed in CAN in wild-type animals. Hence,
neuronally (data not shown). Intriguinglync-119::ttx-3  RID and CAN already share several characteristics with AlY
transgenic lines behave indistinguishably from wild type inin wild-type animals, yetx-3is able to confer even more AlY-
thermotaxis assays, either in the presence or absence like characteristics to these cells upon ectopic expression (Fig.
endogenoudtx-3 gene activity (data not shown); thusmc-  7D). However, the axonal morphology of RID and CAN is not
119::ttx-3 can substitute for loss of endogends3 function  obviously affected by ectopittx-3 expression (Fig. 7A and
but is not sufficient to functionally disrupt other neurons in thedata not shown); thugix-3 is capable of imposing only a
thermotaxis circuit. subset of the AlY differentiation program on the RID and CAN

We tested whether other neurons adopted AlY-likeneurons. We conclude that the activity k-3 is highly
characteristics by examining the expression of five AlY celconstrained by the presence of other regulatory factors, and that
fate markers ttx-3prom::gfp, ceh-23::gfp, sra-11::gfp, kal- only in certain contexts do&x-3 have the capacity to partially
1::gfp and ser-2:gfp in transgenic animals that expressre-program neural differentiation.
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Fig. 8.Characterization of the
neuroanatomical defectstitx-3 mutant
animals. (A) Axonal defects observed it
various mutants. The wild-type AlY axa
is shown in black. In wild-type animals,
short process (shown in dark gray) can
occasionally be observed in the region
where the main axon turns dorsally to
enter the nerve ring; those are not scor
as a mutant phenotype, unless they are
longer than 1Qum (shown as light gray
addition to the dark gray line). Schemat
examples of aberrant axon sprouts are
light gray. We set the minimum length fi
scoring aberrant sprouts that emanate
from the axon arbitrarily at @m. As cell
bodies occasionally narrow into a thin
ending, we arbitrarily set the criteria to
score sprouts from the cell body more sprout
stringently at 44m. Occasional ‘splits’ of

bk

o

wildtype

the axon in the nerve ring region are
counted as sprouts. Small enlargement
along the axon, rarely observed in wild-
type animals, often observed in
pathfinding mutants, are not scored as ttx-3(ks5)
sprouts. Every case in which the main
axon does not meet the axon of its
contralateral homolog at the dorsal short stop
midline is classified as ‘short stop’; the 4
main axon stalls either at the turning pc .
into the nerve ring (but never before the
point), or at various points below or abc ttx-3(ks5)
the dorsoventral midline (black arrows).
(B) Characteristic examples of axonal
defects observed tix-3 mutants. AlY is unc-119(e2498)
visualized withmgls18 Quantitative data
are shown in Table 3. Similar results have also been obtained with several extrachrortoSpraah::gfplines (Hobert et al., 1997). For this

analysis we could make use only of the3(ks5)allele because, owing to the more severe reductitirR-8prom::gfpexpression in the stronger
ttx-3alleles, the axon of the AlY interneurons cannot be visualized. It is thus possible that in the stronger alleles AlY meyiieavaio more

strongly affected. (C) Representative examples of AlY neuroanatoomeci33(e120), unc-73(e93&hdunc-119(e2498nutant animals,

visualized withmgls18 White triangles point to short stops, white arrows to sprouts. Animals shown in this figure are late larvae and young adults.
Notably, besides the short-stop defect of the main axon of the AlY neurons, these axon pathfinding mutants also caustraxdefepteuAs

neural activity defects do not cause axon sprouting in AlY (Table 3), the axon sprouting observed in pathfinding mutdked/dehenbh

secondary consequence of aberrant connectivity caused by aberrant pathfinding. We rather hypothesize that the axonesgirobsierydéfin
pathfinding mutants as well asttr-3 mutants reflects an inability of the neuron to initiate and maintain the proper outgrowth of a single,

monopolar axon.

Notably, the only two neuron classes in which AlY-like presumptive target gene promoters only in particular cellular
characteristics could be induced by pan-neurottat3  contexts, which are directly or indirectly dependent on the
expression, RID and CAN, normally expresh-10(Fig. 1), presence of theeh-10homeobox gene.
suggesting that it is the presenceceh-10that constrains
ectopic ttx-3 activity to these neurons. We tested thisttx-3 is also implicated in axon outgrowth and
hypothesis by examining ectopix-3prom::gfpexpression in  pathfinding
RID and CAN in animals that carry an integrated-119::ttx-  Our identification of genes whose expression dependx-@&n
3 expressing array, but ladeh-10function. We found that in  function represents one route to assess the impdt¢-8fon
these animalstx-3prom::gfpexpression is downregulated or AlY differentiation. Another approach is to find genes whose
completely turned off in RID, CAN and AlY (Fig. 7C). This mutant phenotype is similar to tkt®-3 mutant phenotype and
observation points to a requirement oéh-10 for ttx-3- whose function may hence be relatettte3 function. We have
dependent regulatory events. The mere co-existencehet0 previously shown that the AIY interneurons display a
and ttx-3 is however not sufficient to confer AlY-like characteristic set of neuroanatomical defects 8 mutant
characteristics to a neuron, as pan-neuronal misexpressionasfimals. These defects included inappropriate termination of
ttx-3 does not appear to induce the expression of AlY-likehe main axon and sprouting of additional neurites (Hobert et
characteristics in otheceh-10expressing cells (such as al., 1997; see also Fig. 8). Recently, ectopic neurite sprouting
RMED, AIN etc.; data not shown). We conclude ttat3is in C. eleganswas described as a secondary consequence
able to regulate the expression from its own promoter and aff defects in neuronal activity of sensory neurons and
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Table 3. Axon morphology of the AlY interneuron class in defined mutant backgrounds
Animals with  Animals with

Genotype short stop (%)  sprouts (%) n
Wild type (mgls1§ Adult 3 2 104
ttx-3(ks5¥ L1 14 44 55
L2 20 52 59
L3 28 49 57
L4 22 55 76
Adult 18 51 67

Sensory mutants3
daf-6(e1377)che-3(e1124)che-11(e181Q) <2 0 >45
osm-6(p811)tax-2(p691)tax-4(p678)

Synaptic transmission mutantst
unc-64(e246)unc-18(e81l)unc-13(e5k1091s69) <3 1 >508
aex-3(n2166)rab-3(js49) unc-31(e928)unc-104(rh43)
snb-1(md24,js124) flp-1(yn2) unc-17(e245)unc-7(e5)

Membrane potential and €asignaling

unc-36(e251)unc-2(mu74)egl-36(n728) <3 <2 >48
egl-19(ad695gf)egl-19(n2368gf)eat-6(ad467)
Axon outgrowth and pathfinding mutantsq

Intracellular
unc-33(e204) (CRMP) 53 25 80
unc-44(e362) (ankyrin) 61 61 74
runc-51(e369) (Ser/Thr kinase) 4 11 115
unc-53(e404) 32 3 119
unc-73(e936) (rho/rac GRF) 70 17 78
unc-76(e911) (FEZ1) 97 33 103
unc-115(mn481) (LIM domains) 3 2 67
unc-119(e2498) 100 46 63

Transmembrane/secreted
sax-3(ky123) (Robo) 90 49 91
vab-1(dx31) (Eph-R) 0 6 66
unc-40(e1430) (Netrin-R) 7 14 81
unc-5(e53) (Netrin-R) 1 7 114
unc-6(ev400) (Netrin) 23 12 71
ina-1(gm144) (a-Integrin) 92 16 98

Others**

unc-43(n498gf) (CamKiI) 0 0 47

unc-43(e408If) 0 0 88

sax-2(ot10) 0 55 67

lin-12(n941) (Notch) 3 (0%) 4 (5%) 103 (41)++

AlY neuroanatomy was scored in adult animals using the integtat8grom::gfparraymgls18if not indicated otherwise; the scoring criteria are detailed in
Fig. 8A. Percentages refer to the number of animals in a population with a given defect; defects of >10% penetrance Refestesdbed. for mutants can be
found elsewhere (Antebi et al., 1997; Culotti, 1994; Rand and Nonet, 1997).

*ttx-3prom::gfpmarker gene expression, which visualizes AlY neuroanatomy, is too lkbxv3mull mutants; thus, we could only test the hypomorpbkE
allele (see Fig. 3B).

Ftax-2(p671)tax-4(p678) unc-31(e928)unc-7(e5) flp-1(yn2)andsnb-1(js124pre null mutants, the other alleles are strong loss-of-function alleles. Note that
several of those strong, yet non-null alleles have been found to cause axon sprouting in motoneurons (Zhao and Nonet, 2000).

8unc-13(e51pndunc-18(e8) have each been examined with two indepentiei8prom::gfpintegrantsmgls18andmgls32to exclude strain background
artifacts Theunc-13(e51pllele (strain name: RM2423) is a four times back-crossed derivative of the canoida(e51train CB51 and was kindly
provided by J. Rand. CB51 contains a linket-122mutation in the background (Richmond et al., 1999), which is absent in RM2423. 18 animals were scored
for thesnb-1null allelejs124(a gift from Mike Nonet), which die as L1s.

fMost of the alleles shown in this category are null alleles.

**This category includes mutants shown to cause axon sprouting in other contexts, saxh, aghich causes sensory axon sproutin@irelegangZallen et
al., 1999), CamKlIl, which regulates axon sproutin@irelegansnd in the frog optic tectum (Wu and Cline, 1998; Zallen et al., 1999\ atuth which
regulates sprouting in the cerebellar cortex (Sestan et al., 1999) and axon pathfinding in the fly CNS (Giniger etsdx-2983))lllis a newly identified
allele of the previously describedx-2gene (Z. A.-G. and O. H., unpublished).

$3This result differs from a recent report that showed AlY axon morphology deféntd 2{n941)mutants (Wittenburg et al., 2000). We examined AlY
morphology in thdin-12(n941)null mutant using either of two independently genertte8prom::gfpintegrantsmgls18or mgls32(numbers shown in
parenthesis)in-12(n941); mglsl&ndlin-12(n941)mgls32vere each balanced with thie-12 rescuing arragrEx29(Fitzgerald et al., 1993). AlY anatomy was
scored in animals that had lost the balaneirigx29array, and hence were non-rolling and had a large blip at the vulva. Similar results were obtaired when
12(n941)was balanced with ln-12(+) chromosome (data not shown). We never observed any of the severe axonal defects reported recently in any of the strains
(Wittenburg et al., 2000). In contrast to Wittenburg et al., we also did not observe AlY axonal dedédtdpresenilin mutants (using a newly isolated null allele
of thesel-12presenilin gene; I. Temkin and I. Greenwald, personal communicationggl119(n2368gfjnutants; additionally, no defects could be observed in
anotheregl-19gain-of-function allele or in any other synaptic transmission/electrical activity mutant shown in the Table. As we obseaedfexts of AlY in
several defined genetic backgrounds (as shown in the Table; H. Buelow, K. Berry and O. H., unpublished) with either oéhderntigéptegrated reporter gene
arrays, as well as with extrachromosomal arrays, the presence of any linked suppressor mutations in our strain backigeoexadedeoh As Wittenburg et al.
used distincttx-3prom::gfpextrachromosomal arrays for the observation of AlY defects and for their rescue experiments, it cannot be excluded:ttattttes eff
they observe are due to a partial defectiveness differentially induced by diztButom::gfparrays (notably, the morphology of AlY looks irregularly shaped in a
wild-type animal that expressesta3prom::gfparray; Wittenburg et al., 2000) and/or due to mutations in their strain background.
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motoneurons (Peckol et al., 1999; Zhao and Nonet, 2000). uidance systems are under direct control of the TTX-3
contrast to their capacity to induce sprouting in motoneuronsomeodomain protein remains to be investigated.
(Zzhao and Nonet, 2000), we found that the synaptic Given the similarity in phenotypes observed between
transmission mutantanc-18(e81)and unc-13(e51) and the axon outgrowth/pathfinding mutants amif-3 mutants, we
neurotransmitter transport mutamtc-17(e245have no effect hypothesize thattx-3 is required to regulate correct axon
on AlY axon morphology (Table 3). Similarly, several otheroutgrowth and pathfinding of the AlY interneurons. t&s3
tested neurotransmission mutants also do not cause aappears to have no effect on the expression of pan-neuronal
neuroanatomical defects in AlY (Table 3). We additionallycharacteristics (Fig. 6), we hypothesize that cell-type specific
tested the outcome of electrical silencing of AlY byaspects of AlY axon outgrowth, such as the expression of a
individually expressing two gain-of-function *Kchannel guidance receptor, rather than pan-neuronal aspects of
mutant subunits, EGL-36 (E142K, P489S) (Johnstone et alaxogenesis, are affectedti®-3 mutants.
1997) and EGL-2 (A478V) (Weinshenker et al., 1999) under _ ) o
the control of an AlY-specifittx-3 promoter fragment and Role of ttx-3 in the differentiation of other neuron
found no effect on AlY neuroanatomy (data not shown). classes
Furthermore, sensory activity mutants that cause neurited contrast to its pronounced effect on AIY interneuron
sprouting in sensory neurons, suchas?, tax-4, eat-6che-  differentiation,ttx-3 does not appear to influence the adoption
3 and others (Peckol et al., 1999) have no effect on AlY axoof several subtype-specific differentiation features otth8-
morphology (Table 3). Additionally, while neuronal-activity expressing sensory neuron classes ADL and ASI. The
dependent axon sprouting of sensory neurons and motoneurangression of five differentiation markers of the ASI sensory
has recently been shown to be strongly influenced by ambieneurons daf-7::gfp, osm-10::gfp, sre-1::gfp, zig-2::gfand
temperature and the developmental stage of the animal (Zhawy-3::gfp was unaffected ittx-3(mg158)mutants (Table 2).
and Nonet, 2000; Peckol et al., 1999; P. Loria and O. HSimilarly, the ADL sensory neurons still expressed the putative
unpublished), we found no impact of these parameters on tleelorant receptorsrb-6 and sre-1 in the absence oftx-3
ttx-3(ks5)induced sprouts (Table 3; data not shown). activity (Table 2). Both ADL and ASI are also still capable of
Taken together, unlike the situation in defined sensory andeing filled with the vital dye Dil irttx-3 mutant animals,
motoneurons, the absence of synaptic transmission is unlikefpiggesting that these sensory neurons do not reixHBeto
to account for the neurite sprouting defectsttxa3 mutant  assemble intact, exposed sensory endings.
animals. We favor the possibility that the axonal defects We examined the fate of the AIA interneuron clastx3
observed inttx-3 mutant animals represent developmentalmutants and found that expression of the only two known
defects during the phase of axonal outgrowth. To test thisiarker genes of AIA fate are partially affectesda-11::gfp
notion, we compared the qualitative appearance and penetraregression from thetls62 array can be observed in 64% of
of axonal sprouts observed in several axon pathfinding mutantx-3(+) animals §=45) and 38% r=70) of ttx-3(mg158)
with those seen itix-3(ks5)mutants Ks5is the only allele that animals (Fig. 5); UNC-17 antibody staining in AIA can be
allows visualization of AlY neuroanatomy; Fig. 3). We found observed in 94% of wild-type animais=32) and 66%r{=58)
that mutations in almost all of the intracellularly actingof ttx-3(ks5)mutant animals (#x-3(ks5); mglsl&train was
outgrowth/pathfinding proteins, which are thought to acused, which in contrast to the strongsr3 alleles permits an
throughout the nervous system (Antebi et al., 1997; Culottiunambiguous identification of the AIA neurons by co-staining
1994; Hedgecock et al., 1985; Mclntire et al., 1992), showvith anti-GFP antibodies). Additionally, the AIA interneurons
defects that resemble those seettx8 mutants (Fig. 8; Table appear to display neuroanatomical defects (data not shown).
3). Furthermore, we found that mutations in the cell-specifi€urther cell fate markers and functional assays for the AIA
axon guidance cuesnc-6/Netrin (Hedgecock et al., 1990), interneurons need to be established in order to fully assess the
sax-3Robo (Zallen et al., 1998) anua-1/Integrin (Baum and impact ofttx-3 on AlA differentiation and function.
Garriga, 1997), but not wvab-1, the only ephrin receptor @. _ )
elegans(George et al., 1998), or iin-12/Notch (Giniger et ~Regulatory relationship between  ceh-10, ttx-3 and
al., 1993; Greenwald et al., 1983) cause axonal defects in ti§€h-23 in other neurons
AlY interneurons (Table 3). This is an intriguing finding, asBased on reporter gene analysis, the AlY interneuron class
unc-6, sax-andina-1 have not been previously implicated in appears to be the only neuron class in which the expression of
axon outgrowth into the nerve ringnc-6 null mutants show the three homeobox genesh-10, ttx-3and ceh-23overlaps.
normal guidance of amphid sensory axons in the nerve ringhe otherwise largely non-overlapping expression pattern of
(Hedgecock et al., 1990)a-1 hypomorphic mutants show these genes illustrates thagh-10is neither sufficient to turn
fasciculation defects, but no apparent outgrowth defects afnttx-3expression in other neuron classes (RMED, RID, CEP,
sensory axons in the nerve ring (Baum and Garriga, 1997) ard.A, AVJ, AIN or CAN) nor necessary to turn otix-3
sax-3null mutants were reported to show displacements of thexpression in the ADL, ASI or AIA neuron classes. In addition,
nerve ring, but only subtle and cell type-specific prematuréx-3is neither sufficient to turn ooeh-23expression in ASI
termination of nerve ring axons (Zallen et al., 1999). Theor AIA nor necessary to turn areh-23expression in several
impact ofunc-6, sax-ZJandina-1 on AlY axon outgrowth in  other sensory neuron classes (Fig. 1C). However, there are two
the nerve ring is thus unlikely, owing to the disruption of nerveneuron classes in which the expression of two of the three
ring pioneer neurons because that would presumably caueemeobox genes overlaps (ADix-3 andceh-23 CAN, ceh-
more pleiotropic axon outgrowth defects in the nerve ring. Th&0 and ceh-23, thus raising the question whether the
netrin, robo and integrin guidance systems may act directly iregulatory relationship between these genes, observed in the
the AIY interneuron class. Whether components of thesAlY interneuron, also exists in ADL and CAN. We found that
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ceh-23 expression in ADL was unaffected ttx-3(mgl158) ?
mutant animals (data not shown). Thus, the regulatory relatic ?
betweerttx-3andceh-23s not conserved in neurons other than l
the AlY interneuron class. In contrast, in the CAN neurons, it
which ceh-10expression overlaps witteh-23expressiongeh- h10
10 regulates ceh-23 expression (Forrester et al., 1998). £t
However, this regulation is independenttixf3 which is not l
expressed in CAN. Accordinglgeh-23expression in CAN is
unaffected inttx-3(mg158)mutant animals (data not shown). parrneurond C ttx-3
. . genes
Thus, a regulatory relationship between these three homeob
genes exists in one neuron class (AlY), partially in anothe \
neuron class (CAN) and not at all in another neuron clas ceh23
(ADL). i
axogenesis i kal-1 sra-11

DISCUSSION target recognition ‘\\\\\E ser-2

. ? runc-17
We have described here a regulatory cascade of thre ' C36B7.7

transcription factors which are involved in controlling AlY _ o )

interneuron differentiation (Fig. 9). All three transcription Fig- 9-Model for transcriptional regulatory events in the AlY

factrs are. expressed and appear to_function atter SIS, We popose that CEA 10 stites thecrprestion of e

terminal cell division that. generates the AlY interneuron Classother as yet unknown transcription factors — activates the expression

ceh-10and ttx-3 determine all known aspects of subtype-qf ceh 23and other target genes. TTX-3 and CEH-23 presumably

specific AlY interneuron fate whileeh-23ensures maintained poth contribute to the regulation si-11expression. Pan-neuronal

expression of one AlY differentiation feature (Fig. 9). Whilefeatures are determined either upstream or in parallel tethe

transcriptional regulatory cascades have previously beerv-. ttx-3- ceh-23cascade. Regulatory events that determine pan-

described in several developmental contexts in the nervoursuronal and cell-type specific features of AlY (sédn-10/ttx-3/ceh-

system (Anderson and Jan, 1997; Jurata et al., 2000), they haz are unknown and are denoted by a'question mark. Based on their

On|y rare|y been identified in postmitotic neurons and thdrominent roles in neuronal patterning in several syst_ems, we tested

absence of appropriate cell fate markers has usually preclud@gether theC. elegans®ax-6/Eyeless homologib-3(Chisholm and

an in-depth analysis of the role of transcription factor cascadLtzohr‘;’gza’l :(??E?T)mggfs ?Sgg;?ﬁ?&g&gé;ﬂgeﬁégohnoa#gf;n 41

in the dlfferentlatlon of defined neuron Class_es. Itis pre§umab allam et al., 2000) couple early embryonic patterning events to the

the complexity of these post_rmtotlcall_y acting trans_crlptlonal[ranscriptional regulatory cascadeceh-10, ttx-2ndceh-23in AlY

networks that translates cell lineage history and environmentghq found this not to be the case (data not shown). It is conceivable

cues into the generation of the enormous variety of cell typagat some of the TTX-3 target genes shown hese?, sra-11,

in the nervous system. C36B7.7, kal-1are directly involved in axonal defects observed in
ttx-3(ks5)mutants; this possibility is denoted by a broken arrow.

Role of ceh-10 in AlY development Isolation of mutatic_)ns in these genes will address this issu_e._ Although
unc-17hypomorphic mutants do not show axonal defects, it is

As ceh-10regulatesitx-3, which in turns regulates all known possible that cholinergic transmission contributes together with other
aspects of AlY development and function, it is not immediatelyenes to axogenesis of AlY (Table 3). At this point it is not clear

apparent what distinguishes the functionceh-10andttx-3.  whether any of the regulatory events that involve CEH-10, TTX-3 and
As ceh-10is only expressed embryonically, wheréxs3and  CEH-23 depend on direct interaction of the respective homeodomain
all its target genes are expressed embryonically and posm:otein with the promoter o_f the presum_ptive target gene. Within the
embryonically, we consider it unlikely the¢h-10andttx-3act  ttx-3promoter we have defined two motifs of Sbp and 7bp length,
strictly together as co-factors on both the3 promoter and spaced by 20 nucleotides, which are both necessary for the activity of
then, subsequently, the target gene promoters. However, it cj§ Promoter; both elements contain a variant of the core

_ Py ) : omeodomain binding site (A. Wenick and O. H., unpublished).
not be the only role ateh-10to initiatettx-3 gene expression Similar clustered motifs can be found in other presumptive TTX-3

that then serves to regulate its own expression, as expressgpbet gene promoters. We speculate that these motifs may represent
of ttx-3 under control of the pan-neuronal, and presumablyinging sites for TTX-3 and possible co-factortsh-10

nonceh-10eependentinc-119promoter is not able to induce autoregulation has been demonstrated by Forrester et al., 1998.
expression from th#x-3 promoter in the AlY interneurons in

ceh-10null mutant animals. Also, ectopiitx-3is not sufficient

to induce expression from its own promoter in reh-10 involved in the regulation of other as yet unknown #RreB-
expressing neuronseh-10thus appears to provide means toindependent AlY differentiation characteristics.

allow the TTX-3 protein to regulate its own expression; one . )

out of several possible scenarios is tbeh-10initiates the  ftx-3 is a key regulator of AlY interneuron

expression of yet another transcription factor(s) that actdifferentiation

together with TTX-3 to regulate expression from the3  The understanding of the function of Lhx genes in neuronal
promoter and possibly other target gene promoters. In additiafevelopment has in many instances been hampered by a lack
to its role in regulatingttx-3 expression,ceh-10 could be of molecular markers, which precluded the precise assessment
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of the consequences of absence of Lhx gene function. By ttx-3 does not appear to play a central role in the
establishing a set of AlY differentiation markers and bydifferentiation programs of other neurons besides AlY and
visualizing axon morphology using a single neuron classpossibly AIA. The expression of all tested differentiation
specific marker, we have carried out a detailed characterizationarkers of two types of sensory neurons that normally express
of the consequences of losstof3 function In ttx-3 mutants,  ttx-3is intact inttx-3mutants. Moreover, these sensory neurons
expression of all known AlY cell fate markers is severelyappear structurally unaffected by losgt®f3 function. This is
affected; moreover, the neuroanatomical defects of Alttxin  in striking contrast to AlY, in which the expression of all tested
3 mutants resemble the defects seen in axonal pathfindirifferentiation markers as well as axonal anatomy is severely
mutants. We conclude theix-3 is required to determine most, affected inttx-3 mutants. We thus consider it most likely that

if not all subtype-specific aspects of the developmentaix-3 exerts a different regulatory impact in the cell fate
program of the AIY interneurons, including the expression ofpecification of these sensory cell types. Owing to the absence
its neurotransmitter phenotypanc-17 expression), potential of molecular markers as well as functional assays, the role of
neurotransmitter receptorssef-2, secreted signaling or ttx-3in AlA interneuron differentiation is unclear at this point.
adhesion proteinskél-1, C36B7.y, proteins of unknown As the expression of thera-11 and unc-17fate markers is
function Gra-11) and aspects of axonal outgrowth (Fig. 9). Thepartly affected and as the AIA neurons appear to display
maintained expression tik-3throughout the life of an animal anatomical defects itix-3 mutants, it is possible th#i-3 is
suggests thatttx-3 is continuously required to maintain as crucial a differentiation regulator in AIA as it is in AlY.
differentiated features of the AlY interneurons and it is thus

possible thatunc-17, ser-2, sra-11, kal-and C36B7.7are  Function of ceh-23 in AlY differentiation

direct targets of the TTX-3 protein. We are in the process dafra-11, an orphan seven-transmembrane-receptor of unknown
testing TTX-3 binding to the promoters of these genes usinfyinction, is most strongly expressed in the AlY and AVB
in vitro DNA binding assays. neuron classes in L1 larvae, yet consistent and strong

In spite of its prominent role in determining subtype-specifiexpression persists throughout adulthood in the AlY, but not
neuronal features, TTX-3 does not determine pan-neurontie AVB neuron class. We have shown here that this AlY-
characteristics. This can be inferred from the neuron-likspecific maintenance mechanism requies-23gene activity.
appearance of AlY itx-3 mutant animals (e.g. the AlY cell In contrast, the initiation ofra-11 expression requiregx-3
body extends an axon projection towards the nerve ring) arltlt not ceh-23 activity. It is tempting to speculate that
from the observation that the expression of three pan-neuronsgparable initiation and maintenance mechanisms introduce an
markers is unaffected itix-3 mutants. These findings show additional level of regulation that could be subject to dynamic
that adoption of pan-neuronal features is separable from tle®ntrol. For example, CEH-23 protein activity could be
adoption of more cell-type restricted features, and show thgiost-transcriptionally regulated to allow for subtle and
ttx-3 genetically separates these two aspects of neuronahvironmentally controlled changes isra-11 expression
differentiation. during the life time of an animal.

Althoughttx-3is required in AlY to adopt all of its known  The analysis of the role @eh-23andsra-11in regulating
cell-type specific characteristic$tx-3 is not sufficient to aspects of AlY function will have to await a more complete
impose a complete AlY differentiation program onto otherunderstanding of the processes in which the AlY interneuron
neurons. Although ectopitix-3 expression can induce the participates. Whileeh-23,and hence the maintenancescd-
adoption of several AlY-like characteristics, it can only do sdllexpression, appear to have no impact on the function of AlY
in two neuron classes (RID and CAN) and even in those casasprocessing thermosensory information, the complex patterns
ttx-3 is not capable of conferring AlY-like structural featuresof synaptic connectivity of the AlY interneurons (White et al.,
(cell position, axonal anatomy) onto these neurons. It i4986) suggest as yet unknown roles of AlY in processing and
presumably the absence of an appropriate transcription factmtegration of various other types of sensory informatoe-
‘code’ (discussed below) that does not allow TTX-3 to confe23 andsra-11may have a role in determining these unknown
AlY-like features to more than two other neuron classes and tspects of AlY function.
more completely convert RID and CAN to an AlY-like fate. ) .

Such context-dependent restrictions of Lhx gene action haeene regulatory interactions strongly depend on

also been observed for tirosophila Isletgene and the.  cellular context

elegans mec-3ene.lslet is necessary for expression of the The regulatory cascade of three homeobox genes and their
dopaminergic and serotonergic phenotype of several ventredrget genes that we defined in the AlY interneurons shows
cord neurons, yet it is not sufficient to induce serotonergiintriguing aspects of both conservation and non-conservation
phenotypes upon ectopic expression and is sufficient to indude other neuron classes. Previously, Forrester et al., have
dopaminergic phenotypes in only a small set of neurons (Thahown thatceh-10regulatesceh-23in both AlY and CAN

and Thomas, 1997). Ectopic expression of the Lhx geee  (Forrester et al., 1998). We show that in AlY this regulatory
3, which is required to determine touch neuron fate, inducesfluence is exerted vitx-3; however, in CAN, the impact of
expression of a touch neuron marker in only one to 16 extreeh-100n ceh-23expression is independent tbf-3 (inferred
cells, all of which appear to contain a homeodomain proteirfrom both a lack of detectabtéx-3 expression in CAN and
UNC-86, which acts together with MEC-3 in touch neurongersistenteh-23expression in CAN itx-3 mutants)ceh-10
(Duggan et al., 1998). The presence of UNC-86 may thusay induce the expression of a transcription factor in CAN
impose a requirement for ectopic MEC-3 activity that isthat functions irceh-23regulation in an analogous fashion to
comparable to the requirement of CEH-10 for ectopic TTX-3tx-3 in AlY. Adding to the complexity, the ADL sensory
activity. neuron class co-expressis-3 and ceh-23,yet ttx-3 has no
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effect onceh-23expression in ADL (unlike in AlY). Taken cells that normally expressém-4, the AWB sensory neuron
together, the promoter of tleeh-23gene is likely to contain class, switches its fate in both structural and functional terms
regulatory elements that are used differentially in distincto that of another type of sensory neuron, the AWC class
tissue types. (Sagasti et al., 1999). Although it is possible that the AlY
The largely non-overlapping patterns of expressioneti- neurons switch fate itix-3mutants, we rather interpret the loss
10, ttx-3andceh-23and their complex patterns of regulatory of cell fate marker gene expression, the abnormal appearance
relationship argue that none of these transcription factors alomé AlY and our failure to find ectopic marker gene expression
is sufficient to impose specific differentiation aspects entirelyas indication of a loss of cellular differentiation that is not
on their own and thus point to a highly context-dependemecessarily accompanied by a cell fate switch.
co-factor requirement of each of these factors. Our findings These examples of differences of Lhx gene mutant
illustrate the complexity of transcriptional regulation in thephenotypes, i.e. complete loss of differentiation progrxa (
nervous system, and in particular, the complexity of3), partial loss of differentiation prograring-6) and a binary
interdependence of transcription factor action. switch in differentiation programlifh-4) cannot, however,
The context-dependent regulation of gene expressiobe taken as evidence for a specialization of function of
exemplified with theceh-10, ttx-3and ceh-23cascade can members of specific Lhx subclasses. For example, k&
also be illustrated at the level of the target genes of thigresumably affects the complete differentiation program of
transcription factor cascade, which is particularly intriguingAlY, we found no obvious impact dfx-3 on sensory neuron
as these are function genes that determine the individudlfferentiation. Additionally, while loss dim-6 only partially
properties of a neuron. For example, expression of thaffects the differentiation program of an interneuron and a
vesicular acetylcholine transporter UNC-17 marks the entirenotoneuron, it leads to a partial cell fate transformation in a
set of cholinergic neurons i@. eleganswhich consists of specific sensory neuron class (Hobert et al., 1999). Taken
at least 22 different neuron classes (Alfonso et al., 1993pgether, individualC. elegansLhx genes appear to have a
Rand and Nonet, 1997unc-17 gene expression is under highly context-dependent impact on neuronal differentiation.
control of TTX-3 exclusively in the AlY interneurons (and We postulate that it is the information content of specific
partly in AlA), and hence its expression must be controlledranscription factor codes that determines whether the loss of
in a ‘piece-meal’ fashion by different transcription factors ina Lhx gene in a given cellular context causes either a failure to
different cholinergic cell types. Either thumc-17promoter  differentiate or a switch to another neuronal cell fate. For
contains a transcription factor-binding site that is usedxample, in regard téim-4 function in AWB it could be
by similar, yet differentially expressed members of aenvisioned that the expression of the transcription fact@s
transcription factor class (e.g. a homeodomain-binding sitdefines anabcde code required for AWB development (with
that is used by homeodomain proteins that are present ig being lim-4), while the combinationgbcd defines AWC
distinct subsets of cholinergic neurons), or thec-17 fate. Loss ofim-4 hence leads to a switch in cell fate and the
promoter displays a complex and highly modular structur@doption of AWC fate. In the case -3, the transcription
that integrates different transcription factor inputs in distincfactor code fghjk defines AlY fate (k' beingttx-3); however,
cholinergic cell types. Interestingly, cell-specific regulationthe combination fghj’ has no specific coding potential and
of a neurotransmitter phenotype has also been described foence loss oftx-3 simply leads to a failure to differentiate.
the ttx-3 ortholog apterousin Drosophila The Drosophila  Note that on first sight, our proposed classificatiotbe8 as
FMRF-NHz neuropeptide gene is expressed in 44 neurons @f central regulator of AlY fate may argue that only a one letter
the fly CNS, eight of which co-expresgterous in those code, k', may specify AlY fate; however, our demonstration
eight cells FMRF-NH gene expression is under control of of a strict context-dependency t%-3 function illustrates the
apterous which in turn is expressed in about 100 CNSneed to postulate a multi-letter code. Thus, the outcome of a
neurons (Benveniste et al., 1998). Thapterousis only loss of a transcription factor in a given cell may be entirely
required for FMRF-NH gene expression in a highly cell predicted by the information content of the remainder of the

type-specific context. transcription factor code.

A defined transcription factor code present in a postmitotic
C. elegans LIM homeobox genes: cell fate loss neuron at the stage of terminal differentiation may not however
versus cell fate switch and transcription factor be the only determinant of the differentiation program of the
codes cell; instead, in addition to the one-dimensional, spatial code

The mutant phenotype tiix-3 shows striking similarities and of transcription factors present in a postmitotic neuron, there
dissimilarities with the mutant phenotypes of other Lhx genes also a second, temporal dimension to the differentiation
in C. elegansin mec-3mutant animals, touch sensory neuronsprogram of a cell. That is, a neuron may have been exposed in
have lost most if not all cell type-specific mechanosensorits developmental history to certain determinants that have a
differentiation features, yet retain neuron-like features (Chalfiperduring effect on the cell. Thus, an equivalent transcription
and Sulston, 1981; Duggan et al., 1998; Way and Chalfiéactor code present in two postmitotic neurons that undergo
1988), a phenotype that resemblestthe8 mutant phenotype terminal differentiation may be interpreted differentially in
described here. In contralit-6 does not appear to be required each cell, based on the individual history of the cell. Once the
for expression of most cell type-specific characteristics in aomplete temporal and spatial profiles of transcription factor
defined motoneuron and an interneuron (Hobert et al., 1998xpression in any given neuron and its precursors is known, an
O. Aurelio, and O. H., unpublished). The case appears moeehievement not too far away in a simple organism such as
different with theC. elegan®rtholog of thdhx6/8subclass of elegansit may be possible to compute and model cell fates in
Lhx geneslim-4. In the absence dim-4 function one class of a directed fashion.
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