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Summary

Hedgehog (Hh) signal transduction is directly required in  cyclopamine, further reveals that the requirement for a Hh
zebrafish DRG precursors for proper development of DRG  signal response in DRG precursors correlates with the
neurons. Zebrafish mutations in the Hh signaling pathway onset of ngnl expression. These results suggest that Hh
result in the absence of DRG neurons and the loss of signaling may normally promote DRG development by
expression of neurogeninl (ngnl), a gene required for regulating expression ofngnlin DRG precursors.
determination of DRG precursors. Cell transplantation

experiments demonstrate that Hh acts directly on DRG

neuron precursors. Blocking Hh pathway activation at  Key words: Dorsal root ganglia, Hedgehog, Cyclopamine,

later stages of embryogenesis with the steroidal alkaloid, Neurogenin, Neural crest, Zebrafish

Introduction on a ventral pathway between neural tube and somite (Raible

The dorsal root ganglia (DRG) are the metamericall)ﬁ‘t al., 1992). Observation of labeled neural crest cells in living
organized peripheral sensory ganglia important fopebrafish embryos re\{ealed that DRG precursors subseqygntly
transmitting somatosensory information from the body to th&Ndergo a characteristic dorsal migration from a position
brain. The neural crest cells that give rise to the neurons ar@eral to the notochord to their final position lateral to the
glia of the DRG originate from the dorsal aspect of the neurd]eural tube (Raible and Eisen, 199#n1is first expressed in
tube and migrate ventrally to populate the ganglion at th?RG precursors once they reach this final position
ventrolateral edge of the spinal cord. The establishment of tf&ndermann et al., 2002; Cornell and Eisen, 2002). Together,
DRG involves precise coordination of migration patternsthese results suggest that DRG precursors may be specified by
regulation of cell number, and the complex problem ofocal signals from notochord, somite or neural tube.
generating multiple cell types within the same local Several studies in avian embryos support the idea that
environment. Little is known about the signals that specifysignals released from nearby tissues are involved in DRG
DRG precursors from the neural crest. specification. A role for somitic mesenchyme in producmg the

Neurogenin (Ngn) transcription factors are key regulators ofegmental arrangement of the DRG is well-established
DRG deve|opmen1ngnlandngn2 are both expressed in the (Kalc_helm and _Telllet, 1989) Manlpu_latlon of r_ostrocaudal
dorsal root ganglia (Ma et al., 1998; Ma et al., 198@p2is  Polarity of somites alters DRG spacing and size, and can
expressed in a subset of migrating neural crest precursofgfluence proliferation of DRG precursors (Goldstein et al.,
Whereasngn]_expression appears later in the nascent DRG (|\/|3990; Goldstein and Kalcheim, 1991). Axial structures have
et al., 1999; Perez et al., 1999). Inactivatiomgfilandngn2  also been implicated in the development of the DRG. Removal
completely blocks development of DRG neurons (Ma et al9f the neural tube results in loss of DRG and produces
1999), and overexpression mgnlin neural crest cells biases unsegmented sympathetic ganglia (Teillet and Le Douarin,
them to contribute to the DRG (Perez et al., 1999). In zebrafish983). Similarly, placement of an impermeable membrane
a single ngn gene, ngnl, performs many of the functions between the neural tube and migrating neural crest eliminates
controlled by the two separate mammalian neurogeninéie development of the DRG (Kalcheim and Le Douarin,
(Andermann et al., 2002; Cornell and Eisen, 2002). Blockindg.986). Consistent with these results, loss of either axial signals
Ngnl function by injection of antisense morpholinoin zebrafistfloating headflh) mutant embryos (Halpern et al.,
oligonucleotides disrupts development of zebrafish DRGE995; Talbot et al., 1995) or loss of paraxial tissues in the
neurons. Understanding the signals that regulate neurogerérbrafishspadetail(sp) mutant (Kimmel et al., 1989; Giriffin
gene expression in neural crest cells should shed light on tle¢ al., 1998) severely disrupts DRG development (J.U. and
early steps of DRG development. D.W.R., unpublished). All of these results indicate a role for

In zebrafish, neural crest cells that give rise to the DRG amdiffusible signals, either from axial or paraxial tissues, in the
amongst the earliest cells to migrate from the dorsal neural tultkevelopment and patterning of the DRG.
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Sonic hedgehog (Shh) is a secreted protein that signals fro@yclopamine treatment of embryos

the notochord to locally pattern adjacent tissues (Krauss et atyclopamine (gift from Henk Roelink) was diluted in embryo
1993; Roelink et al., 1994). Shh specifies the differentiation ahedium to 0.51g/ml-18 ug/ml from a stock of 4 mg/ml dissolved in
both sclerotome and epaxial muscle from paraxial mesoderd®% (w/v) 2-hydroxypropyp-cyclodextrin (Sigma) in phosphate
(Fan and Tessier-Lavigne, 1994; Johnson et al., 1994). kuffered saline (PBS). Wild-type embryos were soaked in embryo
zebrafish, Shh signaling is required for the development dfedium containing cyclopamine and allowed to develop at 28°C.
slow muscle fibers and muscle pioneers (Barresi et al., 200jness otherwise specified, embryos were |eft in cyclopamine-
Shh also induces differentiation of several cell types in th ontaining ~ media —until ~they were processed  for

. . . immunohistochemistry or whole-mount in situ hybridization.
ventral neural tube through graded Shh signaling (Ericson bryos treated in embryo medium containing 2-hydroxyprgpyl-

al., 1997). Similarly, midline Shh signaling is required for thegyciodextrin alone were indistinguishable from untreated wild-type
induction of both primary and secondary motor neurons igmpryos.
zebrafish (Beattie et al., 1997; Lewis and Eisen, 2001). _ )

Given its clear roles in patterning both the neural tube anfinmunohistochemistry _ _
somites, and its expression adjacent to the site where DRE&nbryos were anesthetized in tricaine (10 mg/ml; Sigma) in embryo
develop, Shh is a candidate for mediating local signalin edium, fixed in 4% formalin in fix buffer for 2 hours at room
required for specification of DRG precursors. To examine thgEmperature (RT) (Westerfield, 1994). Seventy-two hours post-
role of Shh signaling in the development of the zebrafis ertilization (hpf) and older embryos were permeabilized by washing

DRG h tak dvant f th ilability of x30 minutes in distilled water. Embryos were incubated for 1 hour
» We have taken advantage ol the availability ot sever blocking solution (2% goat serum, 1% bovine serum albumin, 1%

zebrafish mutations that disrupt different components of thgimethylsulfoxide, 0.1% Triton X-100 in PBS), then overnight at RT
Hh signaling pathwaysonic you(syy, which encodes sonic in primary antibody diluted in blocking solution. Primary antibodies
hedgehogsmooth muscle omitte@my), which encodes the used were anti-Hu (1:700; mAB 16A11) (Marusich et al., 1994),
smoothenedsimg receptor;detour (dtr), which encodes the anti-zn-5 (1:400) (Fashena and Westerfield, 1999), anti-acetylated
transcriptional effectoglil, andyou-too(yof), which encodes  tubulin (1:1000; Sigma), anti-Islet 1 4D5 [1:200; gift from H. Roelink
gli2 (Brand et al., 1996; Schauerte et al., 1998; Karlstrom eéand  Developmental ~ Studies  Hybridoma Bank (DSHB),
al., 1999; Chen et al., 2001; Varga et al., 2001; Ka”strorﬁvwwU|owa.edu/~dshbwww{], anti-Lim-1/2 4F2 (1:500; gift from H.
et al, 2003). These mutants generally share sever elink and DSHB) and anti-GFP (1:200; Molecular Probes, Eugene,

; ; P : OR, USA). Embryos were rinsed extensively in PBS with Triton X-
morphologlcal defects, mCIUdl.ng' "e””?' cyclopia, cyrved 00 (PBTx) and incubated overnight at RT in Alexa488- or Alexa568-
down tails, U-shaped somites lacking the horizonta

. . ; . , njugated secondary antibodies diluted in blocking solution (1:750;
myoseptum and circulation defects associated with disruptefoiecular Probes). After rinsing in PBTx, embryos were transferred
dorsal aorta formation. Furthermore, we use the steroid@ 509 glycerol in PBS and mounted on bridged coverslips.
alkaloid, cyclopamine, to vary the timing of loss of Hh o o

signaling during neural crest development. It has beeM/hole-mountin situ hybridization and RNA probe

previously demonstrated that cyclopamine inhibits activatiorsY"thesis _ _ _

of the Hh pathway through direct binding to Smo (Cooper gmbryos were collected from timed matings, ralsedc> at 28.5°C
al., 1998; Incardona et al., 1998; Chen et al., 2002), and h38d carefully staged before fixing overnight at 4°C in 4%
been used previously to disrupt Hh signaling in zebrafis araformaldehyde in PBS. RNA in situ hybridization was performed

. : llowing Thisse et al. (Thisse et al., 1993), except embryos were
(Neumann et al., 1999; Chen et al., 2001; Sbrogna et al., 20 bridized at 65°C. Digoxigenin or fluorescein-labeled antisense

Stenkamp and Frey, 2003). Our analysis of the timing angna probes were generated figniandneurod(Blader et al., 1997),

tissue requirements for Shh signaling reveals a cellpatchedi(ptcl) (Concordet et al., 1996) agdestin(Rubinstein et al.,

autonomous requirement for Hh signal transduction in DRG000; Luo et al., 2001) by digesting DNA with restriction enzyme and

precursors and shows that Shh signaling functions upstreasgnthesizing with RNA polymerase as followsgnl, Xhol/T7;

of Ngnl to promote sensory neurogenesis. neurod Notl/T3; ptcl, BamHI/T3; crestin Sacl/T7. Probes were
detected using anti-digoxigenin or anti-fluorescein antibodies
conjugated to alkaline phosphatase (Roche), followed by incubation

Materials and Methods with 5-bromo 4-chloro 3-indolyl phosphate (BCIP) and nitro blue
] tetrazolium (NBT). For cryostat sectioning, embryos were
Fish husbandry cryopreserved in 30% sucrose and mounted in OCT. For plastic

Embryos were obtained through natural spawnings of AB* wild-typesectioning, embryos were processed for in situ hybridization,
fish or heterozygous carriers of specific mutations and stagedehydrated in a graded ethanol series and embedded in Araldite resin
according to Kimmel et al. (Kimmel et al., 1995). The following (Polysciences, Warrington, PA, USA). All images were captured on a
mutant lines were usegotY1”encodes a C-terminally truncated Gli2 Nikon Microphot-SA microscope (Nikon, Melville, NJ, USA) using
protein that blocks gli-mediated Hh signaling (Karlstrom et al.,a Spot Digital Camera and software (Diagnostic Instruments, Sterling
1999); syu* is a deletion mutation that encompasses sbaic- Heights, MI, USA). Images were processed using Photoshop 6.0
youshhgene (Schauerte et al., 1998%liX*392is a strong allele of (Adobe, San Jose, CA, USA).

chameleonthat was identified in a mutagenesis screen at the

University of Oregon (Henion, 1996; Brand et al., 1996; KarlstromPRG counts

et al.,, 1996; van Eeden et al., 1998)'s269 js a strong loss-of- Embryos were processed for anti-Hu immunoreactivity at 60 hpf,
function allele ofdetour/glil (Brand et al., 1996; Karlstrom et al., mounted in 50% glycerol/PBS between bridged coverslips and
1996; Karlstrom et al., 2003)sm%4l is a slow muscle oriented on their side to view DRG neurons. Each embryo was scored
omitted/smoothenddss-of-function allele that changes a glycine to on one side for the presence or absence of DRG neurons and the
an arginine in the second transmembrane domain of the Smoothengesence of large neuronal clusters. Analysis of both sides of many
protein (Varga et al., 2001). The pHuUC::GFP line is described by Pasmbryos revealed no obligate bilateral symmetry in appearance of
et al. (Park et al., 2000). large clusters of neuronal cells (data not shown). Ganglia were scored
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as ‘normal’ if the number of neurons was in the appropriate rang
given the age of the embryo and rostrocaudal level of the ganglio
However, given that the abnormal clusters can vary significantly ii
cell number, some of the ganglia that were scored as ‘normal DR(
may have been abnormal clusters in the early stages of developme

Mosaic analysis

Donors were labeled by injecting 1 nl of a 3% solution of rhodamine
dextran (10,000 MW dextran, tetramethylrhodamine lysine fixable, D
3312; Molecular Probes) in 0.2 M KCl into the yolk cytoplasm of 1-
to 8-cell stage embryos using an ASI pressure injection apparat
(ASI, Eugene, OR, USA). Mosaic embryos were generated b
transplanting cells from blastula-stage donors into shield-stage hos
Embryos were mounted in 3% methylcellulose (Sigma) in embryc
medium containing 1% penicillin-streptomycin (Sigma). To confirm
contribution of donor cells to host neural crest, in some experiment
cells from embryos of mutant heterozygote crosses were transplant
into nacrehomozygotes that lack melanophores (Lister et al., 1999)
nacre hosts could then be scored for the presence of neural cres
derived melanophores. All embryos were fixed at 48-72 hpf ani
stained with anti-Hu and anti-mouse Alexa488 to visualize DRC
neurons. Stained embryos were examined on a Zeiss LSM Pasi
confocal microscope.

cyclopamine

Results Fig. 1.Loss of Hh signaling disrupts DRG development. Confocal

. . TR stacks of lateral views of embryos processed for anti-Hu at 60 hpf.
G_enet_lc and pharmacological inhibition of Hh (A) Normal pattern of DRG neli/ronrs) (arrowheads) in wild-type (Vr\)/T)
signaling leads to loss of DRG neurons embryos. (Beyumutants lack DRG in many segments (asterisks),
Hh signaling has been shown to be involved in the survival anslt abnormal clusters of neuronal cells (arrows) also appear. (C) WT
migration of cranial neural crest populations (Ahlgren andgembryos treated with 60g/ml of cyclopamine during gastrulation
Bronner-Fraser, 1999; Testaz et al., 2001). However, the rokiiow similar phenotypes.
for Hh signaling in trunk neural crest development has not been
determined. By examining expression of the pan-neuronal anti-
Hu antibody in zebrafish Hh pathway mutants, we haveletermine the identity of these neurons, we examined
revealed a role for Hh in development of neural crest-derivedxpression of specific neuronal markers. In wild-type embryos,
DRG neurons. In wild-type embryos at 60 hpf, most segmenf8RG neurons are Islet- and zn-5-positive, but Lim- and znp-
contain only a single Hu-positive DRG neuron (Fig. 1A). Inl-negative (Fig. 2A,D; not shown). In contrast, the abnormal
syuembryos, in which thehhgene is disrupted, the majority ventrolateral neuronal clusters variably express all of these
of segments are completely devoid of DRG neurons (Fig. 1BJnarkers. Indtr mutants, many neurons in abnormal clusters
Similar DRG defects were observeddon, dt; yotandsmu  express Islet-1 and zn-5 which both label DRG sensory
mutant embryos (not shown; see Fig. 3 for numericaheurons as well as spinal cord motor neurons (Fig. 2C,F)
guantification) and after treatment of gastrula-stage embryd&ricson et al., 1992; Korzh et al., 1993), leaving open the
with cyclopamine (Fig. 1C), a steroidal alkaloid shown topossibility that some of these cells are either motor or sensory
inhibit Hh pathway activation (Cooper et al., 1998; Incardonaneurons. In contrast, ismumutant embryos, the majority of
et al., 1998; Chen et al., 2002). This loss of DRG neuronseurons in the large clusters express Lim-1/2, a more dorsal
persists through later stages of embryonic developmentnarker of spinal cord neurons (Fig. 2B) (Tsuchida et al., 1994),
Embryos treated with cyclopamine during somitogenesigand do not label with zn-5 or Islet (Fig. 2B,E). However, the
still display a complete loss of DRG neurons at 7 dayseurons in the large clusters develop disorganized projections
postfertilization (data not shown), the latest time that treateds evidenced by expression of acetylated tubulin (Fig. 2H) and

embryos survive. znp-1 (not shown). In tail sections of embryos treated with
cyclopamine at 24 hpf, large clusters of Hu-and Islet-

Hh signaling is required for integrity of the spinal expressing cells (Fig. 2K,L) appear at the ventrolateral edge of

cord the spinal cord. Ventrolateral neuronal clusters are also present

In the Hh pathway mutants and in cyclopamine-treatedt similar frequencies icolourlesgsox10mutant (Dutton et al.,
embryos we also observe large clusters of Hu-positive cells 2001) and mindbomb (mib) morpholino (MO)-injected

the ventrolateral edge of the spinal cord (Fig. 1B,C, Fig. 2K,L)embryos (ltoh et al., 2003) treated with cyclopamine (not
These clusters of neuronal cells generally appear only in ghown), suggesting that the formation of large clusters is not
small subset of segments and range considerably in cealffected by the neural crest defects present in these embryos.
number from a few neuronal cells (e.g. Fig. 1B) to more thaiaken together, these results suggest that the large ventrolateral
40 cells in a single cluster (e.g. Fig. 1C). These clusters amusters may be spinal cord-derived neurons rather than neural
distributed in no obvious pattern: the size, rostrocaudal locatiotrest-derived DRG sensory neurons.

and numbers of clusters can vary significantly from individual It has previously been shown thagnl is expressed in

to individual, and they do not necessarily form bilaterally. Tozebrafish DRG precursors and is required for development of
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S,

Isl-1/2/Lim-1/2

S,

Hu/zn-5

’

pHuC::GFP/Isl-1/2 pHuC::GFP/Isl-1/2 pHuC::GFP/Isl-1/2

Fig. 2.Loss of Hh signaling appears to disrupt integrity of the spinal cord. (A-C) Isl-1/2 is shown in red; Lim1/2 is shown iAyk&éd-

type (WT) expression of Isl-1/2 in DRG neurons (arrowheads) just lateral to ventral motor neuron expression and ventt& teeliion
expression. (B) Large clusters (asterisks) predominantly express kmumutant embryos. (C) Some neurons in large clusters (asterisks) in
dtr mutants express Islet. (D-F) Hu staining is shown in red; zn-5 is shown in green. (D) WT embryos show expression of tidibdiesfce
and zn-5 (axons) in motor neurons as well as DRG neurons (arrowheads)sritinintant embryos, large clusters (asterisks) express Hu but
not zn-5. (F) Some neurons in large clusters (asteriski) mutant embryos express both Hu and zn-5. (G,H) Acetylated tubulin is shown as
red. (G) Acetylated tubulin is normally expressed in motor neuron axons as well as DRG axons (arrowheads). (H,l) Lar(estduistessin
smuanddtr mutant embryos display acetylated tubulin-positive projections. Both Hu and acetylated tubulin are red in I. (J-L) Cogfexal ima
of transverse sections showing pHUC::GFP in green and Isl-1/2 in red. (J) WT expression of HUC and Isl-1/2 in DRG nenh@al&rro
located lateral to the spinal cord. (K,L) Clusters of Isl-1/2+ and HuC+ cells at the ventrolateral edge of the spinatiiske)(@sembryos
treated with cyclopamine at 24 hpf.

zebrafish DRG neurons (Cornell and Eisen, 2002; AndermariBeard sensory neurons, are eliminated in embryos injected
et al., 2002). In our analysis nfinlexpression in the different with the ngnl MO (Fig. 3B). In contrast, large neuronal
Hh signaling mutants (see Fig. 5), we never observedlusters still appear in the absence of Ngnl function following
expression ofngnl in the large clusters of cells at the treatment of the embryos with cyclopamine (Fig. 3C). These
ventrolateral edge of the neural tube as might be expectedrésults further support the idea that the large clusters are not
these cells formed from DRG precursors. Furthermore, wderived from DRG precursors.

found that formation of the large clustersighlindependent. ] ) )

Embryos were injected at the one-cell stage wignl Decreasing levels of Hh signaling leads to

morpholino  oligonucleotides, as described previouslyincreasing loss of DRG neurons

(Andermann et al., 2002; Cornell and Eisen, 2002), and thephe different Hh signaling mutants can be organized into a
treated at dome stage with cyclopamine. The embryos wephenotypic series according to the severity of morphological
allowed to develop to 72 hpf and were then fixed and processdeéfects in somite patterning, and we find that the severity of
for anti-Hu immunoreactivity. DRG neurons, as well as RohonbRG phenotypes follows this series (Fig. 4). The DRG
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produces less severe effects on somite formation and more mild
posterior cyclopia (not shown). Treatment of gastrula-stage
embryos with a low dose of cyclopamine produces DRG
phenotypes comparable to tt mutant DRG phenotype. In
contrast, higher doses phenocopy #muDRG defects. It
should be noted that as Hh signaling activity decreases and
more DRG neurons begin to disappear, the ventrolateral large
clusters arise more frequently. The appearance of the large
control neuronal clusters in a given segment obscures our ability to
score the loss of DRG neuron phenotype in that segment.
Therefore, the percentage of segments with ‘zero’ DRG
neurons shown in Fig. 4 may be underestimated.

Hh signaling mutants lose expression of ngnl and
neurod in DRG precursors

Thengnlgene is critical for zebrafish DRG development and
is the earliest known marker for sensory neuroblasts (Cornell
and Eisen, 2002; Andermann et al., 2002). To determine when
the development of DRG precursors is first affected by loss of
Hh signaling, we examined expressiomghlin Shh/midline
class mutants (Fig. 5yotembryos and wild-type siblings were
fixed at 36 hpf and processed for in situ hybridization.
Although spinal cord expression ofjnl appears normal in
mutant embryos, expression in DRG precursors is completely
eliminated inyothomozygotes (Fig. 5C). Similarly, expression
of ngnlis absent in DRG precursors Smumutant embryos

nenl MO + cyc (data not shown). Expression of the bHLH gemeurod
- - normally follows expression afgnlin DRG precursors. This
Fig. 3.Large neuronal cluster formation in the absence of Hh expression is also abolishedsmumutants (Fig. 5). Together,
signaling does not require Ngn1 function. Wild-type embryos were these results demonstrate that Hh signaling is required prior to
injected withngn1morpholino aign1MO) at the 1-cell stage. neurogenic bHLH expression in DRG precursors.

Injected embryos were treated witlug/ml cyclopamine beginning

at dome stage. Embryos were fixed at 72 hpf and processed for antNeural crest develops normally in the absence of Hh
Hu immunoreactivity. Images are confocal stacks of lateral views of signaling

whole-mount embryos. (A) Control embryo showing normal DRG In other organisms, Shh signaling influences the dorsoventral

(arrow) and Rohon-Beard (RB) neurons (arrowhead)n@BjLMO- .
injected embryo showing absence of DRG and RB neurons. The ~ Pattern of the neural tube, suggesting that the observed DRG

remaining Hu+ cells are spinal cord neurons.r@)1MO-injected phenotypes might reflect a disruption of neural crest induction
embryo that was also treated with cyclopamine (cyc) showing large Or may result from defects in neural crest migration. Consistent
neuronal cluster (arrow). with these possibilities, in addition to the DRG defects, many

of the Hh pathway mutants also have defects in neural crest-

derived cartilage formation in the developing jaw (Brand et al.,
phenotype is much less severedin mutant embryos, which 1996; Barresi et al., 2000; Varga et al., 2001; Kimmel et al.,
have many segments with wild-type DRG neureosandsyu  2001). However, the other trunk neural crest derivatives, such
mutant embryos display phenotypes of intermediate severitgs pigment cells and fin ectomesenchyme, develop normally
Although normal DRG still appear in these mutants, mordollowing attenuation of Hh signaling (data not shown). To
segments show loss of DRG neurasreumutants show more further explore the possibility that Hh signaling is required for
severe phenotypes with less phenotypic variability anearly events in neural crest development, we examined
complete penetrance (Chen et al., 2001; Varga et al., 200Bxpression of the neural crest markesstin(Rubenstein et al.,
Similarly, DRG neurons rarely appearsmumutant embryos 2000; Luo et al., 2001) ismumutant embryos (Fig. 6). The
(Fig. 4). level of crestinexpression appears comparable between wild-

Differences in DRG phenotype appear to reflect variationtype andsmu mutant embryos (Fig. 6A,B), suggesting that

in the level of Hh signaling activity in the different Hh pathwayblocking Hh signaling does not significantly alter neural crest
mutants. To test this idea, we analyzed the effects of treatirfgrmation. Althoughcrestinexpression reveals that migration
embryos with different doses of cyclopamine (Fig. 4).of neural crestis abnormalsmumutant embryos, neural crest
Cyclopamine linearly reduces the Hh response by direatells do still migrate ventrally (Fig. 6D). Moreover, although
binding to Smoothened (Chen et al., 2002), and has beéreatment of embryos with high doses of cyclopamine during
shown to block accumulation of zebrafigphtchedl (ptcl) somitogenesis stages has severe effects on DRG development
transcripts in a dose-dependent manner (Wolff et al., 2003{Fig. 6G), there is no obvious effect on the pattern of neural
Treatment of dome-stage embryos with 6@/ml of  crest migration (Fig. 6F). Taken together, these observations
cyclopamine mimics the midline defects seersimumutant  suggest that Hh signaling is required in the trunk specifically
embryos, whereas treatment with lower doses (@bnl)  for the formation of DRG neurons, and the observed effects on
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100.0! 100.0 Fig. 4. The severity of the DRG defects corresponds to
con n=36 yot n=92 the level of Hh signaling. Graphs show the percentage
80.00; 80.00; of normal DRG neurons, missing DRG neurons (zero)
60.00 60.00 and abnormal neuronal clusters (large)yfotr con, dtr,
: : smuandsyumutant embryos. The bottom graphs show
40.001 40.001 DRG phenotypes from embryos that were treated
starting at dome stage with the concentration of
20.00 20.00 cyclopamine indicated. Embryos were fixed and
0.00 0.00 processed for anti-Hu immunoreactivity at 60 hpf.
' normal zero large ' normal zero large
100.0 o 100.0 n=33 100.0 18
dtr = Syu = smu n=
80.00; 80.00; y 80.00;
60.00 60.00; 60.00§
40.004 40.00 40.00§
20.00 20.00; 20.00§
0.00 0.00 0.004
normal zero large normal zero large normal zero large
100.0 — 100.0 — 100.0 —
0.5 mg/ml cyc n=45 2.0 mg/ml cyc n=20 4.0 mg/ml cyc n=3
80.00 80.00; 80.00
60.00 60.00; 60.00
40.001 40.00 40.00
20.00; 20.00; 20.001
0.00 0.00 0.00
normal zero large normal zero large normal zero large

DRG development are probably not the result of affectingt al., 1989; Griffin et al., 1998) severely disrupts DRG

earlier stages of trunk neural crest development. development (data not shown). Alternatively, given that DRG

o o precursors differentiate adjacent to strong sources of Hh
DRG precursors require direct Hh signaling for signaling, neural crest cells may normally receive direct signals
normal DRG development that instruct them to develop as DRG neurons. It is well-

DRG precursors develop in close apposition to both thestablished thafptc transcription is upregulated in cells
somites and neural tube. Therefore, it is possible thatsponding to Hh signals (Hidalgo and Ingham, 1990;
disruption of DRG development following loss of Hh signalingConcordet et al., 1996). Consistent with a direct role for Hh
is simply a secondary effect because of the loss of patternirgignaling, we observe expressionpatl (Fig. 7C,D) in cells

of these tissues. Consistent with this hypothesis, loss of eithar a position consistent with the location of DRG precursors
axial signals infloating headmutants (Halpern et al., 1995; (Fig. 7A,B). To confirm thaptc and ngnlwere expressed in
Talbot, 1995) or paraxial tissuessgpadetaiimutants (Kimmel the same position, we serially sectioned embryos and

Fig. 5.Hh signaling is required for
expression ohgnlandneurodin DRG
precursorsyot, smuand wild-type
embryos were processed for in situ
hybridization at 31-36 hpf to reveagnl
or neurodmRNA expression. (Ahgnl
shows broad expression in the spinal cord
in addition to its DRG precursor
expression (arrowheads), whereas (B)
neurodexpression in the trunk is
restricted to DRG precursors
(arrowheads). (C,D) Igotandsmu
embryos, spinal cord staining is
maintained, bubgnlandneurod
expression in DRG precursors is
eliminated.
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6 cyc 18h, 3

G oo 6 cyc ]-Sh, 6OH

% total
A7
o=

normal zero large

Fig. 6.Loss of Hh signaling does not result in a general disruption of
neural crest developmesimuembryos (B,D) and wild-type (WT)
siblings (A,C) were probed wittrestinto examine migratory neural
crest. Insmuembryos (B,D), levels afrestinexpression are
comparable to WT and neural crest do migrate ventrally. However,
neural crest cells ismuembryos do not appear to be restricted to the
mid-point of the somite (D). In contrast, WT embryos treated with 6 g 7. ptc1transcripts are upregulated in presumptive DRG

pg/ml cyclopamine beginning at 18 hpf and fixed at 36 hpf show no yrecyrsors. Wild-type embryos (36 hpf) were processed for whole-
obvious defects in migration (F) compared with untreated siblings  mqunt in situ hybridization, embedded in araldite and transverse

(E). Despite normal patterning and migration, DRG phenotypes in  gections were cut at trunk levels. @gstinis expressed in
embryos cyclopamine-treated at 18 hpf (G) are similar to the severeygrating neural crest cells (arrowhead). (Blis expressed in
disruption of Hh signaling in mutants (Fig. 4). neural crest in the nascent DRG (arrowhead). (C,D) Cells expressing
high levels ofptcl (arrowheads) are found in positions corresponding
to expression ofignlandcrestin (E,F) Adjacent serial sections were
hybridized adjacent sections with each probe. Expression gfobed fomgnl(E) orptc (F).
ngnl(Fig. 7E) in the same ventrolateral position as where we
find expression ofptcl in the adjacent section (Fig. 7F)
suggests that DRG precursors may be upregulptoand are  for either of these genes have defective transduction of Hh
therefore capable of responding to Hh signals. signals, and only transplanted wild-type cells would be capable
To directly determine which cells must respond to Hhof properly responding to Hh in these backgrounds. If the DRG
signaling for proper DRG development, we transplanted wilddefects in mutant embryos were because of the loss of neural
type cells into mutant embryos that are unable to transduce Hilbe or somite signals, then transplanted wild-type cells
signals. The smu mutation inactivates Smoothened, thecontributing to either of these tissues should have the potential
transmembrane protein required for positive transduction of Hto rescue adjacent DRG development. In contrast, if Hh signals
signaling (Chen et al., 2001; Varga et al., 2001). ybe were needed directly then DRG development would only be
mutation encodes a C-terminally truncated Gli2 protein thatestored after transplantation of wild-type sensory precursors.
acts as a dominant repressor of Hh signaling and is able toSignificant contributions of wild-type cells to both spinal
block Glil-mediated transcriptional activation (Karlstrom etcord and somitic tissue never rescued adjacent DRG neurons
al., 1999; Karlstrom et al., 2003). Becaus@u (smqg is in smuor in yot mutant embryos (Table 1). Similarly, in
required for reception and transduction of Hh signalsyatd reciprocal transplants amuor yot cells into wild-type hosts,
(9li2) is a transcriptional effector of the pathway, cells mutansignificant contributions of mutant cells to spinal cord or
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somitic tissue never disrupted development of adjacent DRy treating wild-type embryos with cyclopamine at specific

neurons (Table 1). In contrast, wild-type cells were capable afevelopmental stages. To precisely determine when Hh
producing normal DRG neurons in batmuand yot mutant
backgrounds (Fig. 8; Table 1). Althougimumutant cells were was added to the embryo medium at different developmental
capable of producing neural crest-derived melanophores time points and embryos were incubated until 60 hpf and then
wild-type embryos, they never formed DRG neurons (Table 1fixed and processed to examine Hu expression. Because
Together, these results suggest that Hh signal transduction mdstvelopment proceeds in a rostrocaudal pattern, we scored
occur directly within DRG precursors for normal DRG DRG defects at each segmental level. In embryos treated with

development to proceed.

Cyclopamine treatment during somitogenesis

reveals a temporal requirement for Hh signaling
during DRG development
In mutant embryos Hh signaling is attenuated throughou®). At this stage, somitogenesis is complete and DRG
development, making it difficult to determine when Hh isprecursors are already well into their ventral migration. As
specifically required for DRG formation. However, we cancyclopamine is added at progressively later stages, the
regulate the timing during which Hh signaling is perturbedoercentage of normal DRG increases in more caudal

Table 1. Fates of transplanted cells in mosaic embryos

Number of
Ph DRG neurons/ Number
enotypes number of of hosts with
Donor Host n hosts with DRG*  melanophores
Wild type Wild type 137 33/26 n.d.
Wild type yot 41 16/11 n.d.
yot Wild type 25 0/0 n.d.
Wild type smu 14 4/4 n.d.
smu nac 8 0/0 6
Wild type nac 44 n.d./11 28

*Rhodamine dextran-labeled DRG neurons.

n.d., not determined.

Hu/zn-5

rhodamine dextran

rhodamine dextran

signaling is needed during DRG development, cyclopamine

cyclopamine beginning before the onset of gastrulation, most
segments display a complete absence of DRG neurons (not
shown). DRG neurons are absent in most segments in
embryos that were treated with cyclopamine starting at 24
hpf;, DRG are only found in the most rostral segments (Fig.

segments. Finally by 36 hpf, DRG neurons are only lost in
the most caudal segments. We conclude from these results
that although DRG precursors still require Hh signaling
during late stages of their ventral migration, these cells cease
to require Hh signaling prior to overt neuronal determination.
DRG precursors at the axial level of somites 13-16 become
insensitive to loss of Hh signaling somewhere between 28 and
32 hpf. At this time, the precursors have probably already
reached the position of the nascent ganglia adjacent to the
dorsal edge of the notochord where Hh levels are highest.
Interestingly, this time period also correlates well with the
onset ofngnlexpression in DRG precursors, suggesting that
Hh may normally influence DRG development through
effects onngnlexpression.

Shiu

merge

Fig. 8. Transplanted wild-type (WT) DRG precursor cells rescue DRG developmamuandyot backgrounds. (A) Lateral view ofsanu

host labeled with anti-Hu antibody viewed by confocal microscopy. (B) WT cells are shown in red in the same optical 9detiotogidp
merge of A and B showing co-localization of labeled WT cells and Hu+ DRG neurons. (D) Lateral vieyas ludst embryo labeled with
anti-Hu and anti-zn5 (both in green). Hu expression can be seen in the spinal cord and in two separate ganglia (arrmabelsfErell

cord. zn-5 expression can be seen in secondary motor neuron projections (arrowheads). Notice the motor neuron projaotatedare t
consistent with previously reported outgrowth defectgimutants (Brand et al., 1996). (E) The samemutant host embryo shown in D
showing WT donor-derived cells (red). (F) Photoshop merge of D and E showing co-localization of labeled WT cells and Hu#d@RG ne
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neural crest-derived border cells. The location of border cap

Segmental distribution of normal DRG cells at the ventrolateral edge of the spinal cord, adjacent to the
sources of Shh, is consistent with a role for Hh in their
=22h development. Identifying specific markers for border cap cells

m28h would allow testing of this hypothesis.
m32h Previous studies examining the effects of Shh on neural crest
m36h suggest several possible cellular mechanisms underlying the
DRG phenotypes we observe in zebrafish. Shh signaling has
been shown to play an important role in the survival of both
neural tube and neural crest cell populations (Dunn et al., 1995;
Miao et al., 1997; Ahlgren and Bronner-Fraser, 1999; Charrier
et al., 2001). Injection of function-blocking anti-Shh antibody
into chick cranial mesenchyme results in a loss of branchial
arch structures that is associated with significant cell death in
both the neural tube and neural crest (Ahlgren and Bronner-
Fraser, 1999). Similarly, cyclopamine treatmentXahopus
1 4 7 10 13 16 19 22 25 28 31 embryos results in a reduction of craniofacial cartilages and
somite level promotes cell death in explants of cranial neural crest (Dunn
et al.,, 1995). In our experiments, zebrafish migratory trunk
Fig. 9. Temporal sensitivity to cyclopamine. Embryos were treated neural crest appears normal in embryos in which Hh signaling
with 6.0pg/ml cyclopamine beginning at the indicated times and  is blocked. In addition, we do not observe any obvious cell
allowed to develop in the presence of cyclopamine until 60 hpf wherdeath associated with the DRG in zebrafish Hh signaling
they were scored for DRG phenotypes. The X-axis indicates somitemytants (data not shown). Moreover, in both the chick and
level; 1 i_s the most rostral somite, 33 is the mo_st gaudal somite,, a“dXenopusstudies, loss of Shh signaling had no effect on the
the Y-axis shows the percentage of embryos with ‘normal DRG'. g,y of trunk neural crest, suggesting that the anti-apoptotic
DRG were scored in at least 20 embryos for each treatment. role of Shh appears restricted to cranial neural crest
populations. Similarly, although Shh promotes survival of
specific CNS neurons following toxic insult, Shh fails to show
Discussion 2{1);Inelugg%otect|ve effects on DRG neurons in culture (Miao
Our results provide evidence for a role for Hh signaling in Hh signaling may alternatively be involved in regulating the
promoting the development of neural crest-derived DRGnigration of neural crest cells. Dorsally expressed bone
neurons. Analysis of both an allelic series and a comparison aforphogenetic proteins (BMPs) have been shown to promote
the effects of different concentrations of cyclopamine, revealseural crest dispersion through effects on integrins and
a correlation between the severity of the DRG defects observeddherins (Sela-Donenfeld and Kalcheim, 1999). The work of
and the level of Hh signaling. Furthermore, analyses of th@estaz et al. suggests that ventrally expressed Hh may play an
timing and tissue requirements for Shh signaling reveal a direcpposing role in neural crest development by limiting the
requirement for Hh signal transduction within DRG precursorsmigration of neural crest cells: in neural tube explants cultured
and suggest that Shh signaling may act upstream of Ngnl ¢m fibronectin and immobilized N-terminal Shh, neural crest
promote the specification of DRG neurons. These studies adell dispersion is severely restricted when compared with
to the previously demonstrated roles for Shh signaling in othenigration of neural crest cells on fibronectin alone (Testaz et
aspects of neural crest development, particularly craniofaciall., 2001). Based on these results, we might predict that loss of
development (Dunn et al., 1995; Ahlgren and Bronner-FraseDRG neurons in zebrafish Hh signaling mutants reflects the
1999). failure to localize DRG precursors to their appropriate
In addition to the prevalent loss of DRG in midline/Hh positions. Consistent with this idea we see disorganization of
mutants and in cyclopamine-treated embryos, in somgunk neural crest streams in Hh signaling mutants. However,
segments we observed the appearance of abnormal neuroathough we observe significant loss of DRG neurons in
clusters ventrolateral to the spinal cord. The expression of tr@mbryos treated with cyclopamine at 18 hpf, we do not see any
spinal cord neuron marker, Lim-1/2, in these cellssinu  obvious effects on neural crest migration in these embryos.
mutant embryos suggests that these may be cells that havereover, other trunk neural crest derivatives, such as
inappropriately exited the spinal cord. Itis possible that normahelanophores, still differentiate in their normal positions in the
Hh signaling is required for structural integrity of the neuralabsence of Hh signaling (data not shown). Together, these
tube. Alternatively, given the specific ventrolateral appearancesults argue against the idea that the effects of Hh signaling
of these clusters, Hh signaling may be more specificallpn DRG development are mediated through general effects on
required for impeding migration of cells out of the motor exitneural crest migration. Interestingly, Testaz et al. also suggest
points. Neural crest-derived cells are required to ‘cap’ thehat the effects of Shh on neural crest migration and adhesion
motor exit points and act as a barrier to movement of ceffrobably involve mechanisms independent of the canonical
bodies between the CNS and PNS compartments in both mouBatched/Smoothened/Gli signaling cascade because neither
and chick embryos (Vermeren et al., 2003). It is possible thdibrskolin, an activator of protein kinase A (PKA) and known
Hh signaling, in addition to its requirement for development ofintagonist of Hh signaling, nor cyclopamine block the Shh-
DRG precursors, is also required for development of thes@ediated inhibition of neural crest cell migration (Testaz et al.,

% of segments
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have the same effect on development of DRG neurons as Id3gve White and Ken Liu for providing excellent fish care. We also
of shh indicating that the canonical Hh signaling pathway ishank Marnie Halpern, Kate Lewis and Uwe Strahle for providing
required for normal DRG development. probes. This work was supported by grants from the March of Dimes
Another possibility is that Hh signaling is required to2nd NIH (D.-W.R.) and by NIH ROINS39994 (R.O.K.). J.M.U. was

directly promote the differentiation of DRG neurons. It is well-SUPPOrted by an NSF fellowship and NIH training grant.
established that Shh signaling is both necessary and sufficient

for motor neuron differentiation (Roelink et al., 1995; ChiangReferences

et al., 1996; Ericson et al., 1996) a.nd promotes dlffer_ent|at|(_) higren, S. C. and Bronner-Fraser, M.(1999). Inhibition of sonic hedgehog
of other neuronal cell-types according to the appropriate axial signaling in vivo results in craniofacial neural crest cell de@thr. Biol.
position (Ericson et al., 1995; Hynes et al., 1995). All of our 9, 1304-1314.

results are consistent with this role of Shh signaling in neuronébhlgren, S. C., Thakur, V. and Bronner-Fraser, M.(2002). Sonic hedgehog

development. Others and ourselves have shown previously thaﬁz‘;“?\lsatclra:c'z' d”’“;‘(‘:'ia'ucsrg;t {g’g;jgfgfth induced by ethanol exposure.

Ngnl is required for zebrafish sensory ne_uron SpecmCatlo,ﬁndermann, P., Ungos, J. M. and Raible, D. W2002). Neurogeninl defines
(Andermann et al.,, 2002; Cornell and Eisen, 2002), and zebrafish cranial sensory ganglia precursdes.. Biol. 125, 45-58.
expression ohgnlis specifically absent from DRG precursors Barresi, M. J., Stickney, H. L. and Devoto, S. H2000). The zebrafissiow-

in midline/Hh mutants and cyclopamine-treated embryos. Both ;”n“dstcr']‘:‘(’j?\i/gfod gﬁiﬁg?g&ﬁ;ﬁggﬁﬁ;s&“veglgegzgn fé%”g'lggnzsfgugﬂon
cell tranSplamatlon experlments ap'd:l expresspn SqueSt eattie, C. E., HaFt)ta, K., Halpern, M. E., Liu, H? EisF()en, J. S. and Kimmel,
that DRG precursors receive the Hh signal directly. Timed ¢, B. (1997). Temporal separation in the specification of primary and
cyclopamine addition experiments further suggest that the secondary motoneurons in zebrafikeyv. Biol.187, 171-182.

window of requirement for the Hh signal ends at approximateWIader, P., Fischer, N., Gradwohl, G., Guillemont, F. and Strahle, 1997).

; e fi ; The activity of neurogeninlis controlled by local cues in the zebrafish
the timengnlis first expressed in DRG precursors. Taken embryo. Development 24, 4557-4569.

tOQEther’ these Obse,rvat_ions suggest the possibility t,hat. I_ﬂ?and, M., Heisenberg, C. P., Warga, R. M., Pelegri, F., Karlstrom, R. O.,
promotes the determination of DRG precursors by activating Beuchle, D., Picker, A., Jiang, Y. J., Furutani-Seiki, M., van Eeden, F.
ngnl expression, a role for Hh that has been suggestedJ. etal.(1996). Mutations affecting development of the midline and general

previously for other neuronal cell-types in zebrafish (Blader eé b;ﬂirsga%e fil;fgf;?nfsbéaﬁfg S?ub;%ﬂginéﬁggpgﬁg?a 1§9(-2151021-)
al., 1997). In these studies, overexpression of Shh expand a\nti-aboptofic role of ‘Sor;ic hedgehod protein at the ear’Iy stages of nervous

the endogenous expression of zebrafiginl in the neural  sysiem organogenesBevelopment 28 4011-4020.
plate. Conversely, downregulation of Hh signaling by injectingchen, J. K., Taipale, J., Cooper, M. K. and Beachy, P. 42002). Inhibition
a constitutively active form of PKA abolished neural plate %f hedgehO% Szigngligg l%y direct binding of cyclopaminesittoothened
; ; enes Devl6, 2743-2748.

eXpr%‘cl’Slonf Oggn.l TOgether’ }hesgfreslults ﬁhowc;::d thlat Shh I%hen, W., Burgess, S. and Hopkins, N(2001). Analysis of the zebrafish
_CaPa e o : I’I_Vlng expression aignl, either _'reCty Qr smoothenedhutant reveals conserved and divergent functions of hedgehog
indirectly. Similarly, our results, together with previous activity. Development28 2385-2396.
descriptions ofignlexpression and DRG precursor migration Chiang, C., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal,
patterns, suggest that Hh signaling may normally help reguIate:-icaenlic?(‘fn%cg)gn*i’é ﬁégggﬁ())é %ﬁﬂg?ﬁnggga‘t’ﬁgg‘fﬁgﬂ 1%""“””'”9 in
eXpreSSIOn Ohgnlln DRG S.ensory preCUrsorS. . Concordet, J. P., Lewis, K. E., Moore, J. W., Goodrich, L. V., Johnson, R.

Neural crest cells that ultimately populqte the DRG migrate | scott, M. P. and Ingham, P. W(1996). Spatial regulation of a zebrafish
ventrally on the medial pathway along with sympathetic and patchedhomologue reflects the roles of sonic hedgehog and protein kinase
pigment cell precursors. However, at a point adjacent to theA in neural tube and somite patterniipvelopment 22, 2835-2846.
notochord, sensory precursors stop and return dorsally to tI‘FQﬁper' M. K., Porter, J. A., Young, K. E. and Beachy, P. A(1998).

" . . . _Teratogen-mediated inhibition of target tissue response to Shh signaling.

position of the DRG (Raible and Eisen, 1994) where they begin g iencers0, 1603-1607.
to expressignl(Cornell and Eisen, 2002; Andermann et al.,Comell, R. A. and Eisen, J. S(2002). Delta/Notch signaling promotes
2002). The timing of onset afgnl expression suggests that formation of zebrafish neural crest by repressing Neurogenin 1 function.
Hh signals emanating from the notochord and/or neural tubDeu'?‘?lve,'\jl’p"&e”’k/fgﬁ:gﬁ&‘:ﬁ 4 Moore, D. D. (1695). Cyclopamine, a
may Dbe involved in initiation ohgnl eXpI’_eSSIOn n DRG_ ste;oidal aikaloid, di’srupts developm’ent of cranial neural crest (’:ells in
precursors. Ngns are known to be sufficient for conferring xenopusbev. Dyn.202, 255-270.
neuronal identity on uncommitted precursors (Farah et alQutton, K. A., Pauliny, A., Lopes, S. S., Elworthy, S., Carney, T. J., Rauch,
2000; Sun et al., 2001; Nieto et al., 2001) Furthermore, NgnsJ., Geisler, R., Haffter, P. and Kelsh, R. N(2001). Zebrafish colourless

are thought to reinforce the neuronal program by inhibiting gg%%?:;mseﬂ)ilz% Z"l‘ggiplezcéf'es non-ectomesenchymal neural crest fates.

genes necessary f_or glmgeneS'S (Sun et al., 2001). Thﬁicson, J., Thor, S., Edlund, T., Jessell, T. M. and Yamada, 71992). Early
difference in migration behavior between sensory precursorsstages of motor neuron differentiation revealed by expression of homeobox
and autonomic and pigment cell precursors further suggestsgene Islet-1Science256, 1555-1560.

that DRG precursors are already predisposed to respond to [gyeson, J., Muhr, J., Placzek, M., Lints, T., Jessell, T. M. and Edlund, T.

. . I . - 1995). Sonic hedgehog induces the differentiation of ventral forebrain
signals early in their migration. Rather than biasing neural CreStneurons: a common signal for ventral patterning within the neural@etle.

cells toward a sensory fate, Hh signaling may be influencing g1 747-756.
DRG precursors to adopt a neuronal cell fate by promotingricson, J., Morton, S., Kawakami, A., Roelink, H. and Jessell, T. M.
ngnlexpression. (1996). Two critical periods of Sonic Hedgehog signaling required for the
specification of motor neuron identi@ell 87, 661-673.
. . Ericson, J., Briscoe, J., Rashbass, P., van Heyningen, V. and Jessell, T. M.
We thank Henk Roelink for reagents, advice and helpful comments (1997). Graded sonic hedgehog signaling and the specification of cell fate
on the manuscript, Kate Lewis for providisgu and smo mutant in the ventral neural tub€old Spring Harbor Symp. Quant. Bi6R, 451-
strains and Ajay Chitnis for the HUC-GFP transgenic line. We thank 466.



Zebrafish dorsal root ganglia development 5361

Fan, C. M. and Tessier-Lavigne, M.(1994). Patterning of mammalian Lewis, K. E. and Eisen, J. S(2001). Hedgehog signaling is required for
somites by surface ectoderm and notochord: evidence for sclerotome primary motoneuron induction in zebrafighevelopmeni28 3485-3495.
induction by a hedgehog homoldgell 79, 1175-1186. Lister, J. A., Robertson, C. P., Lepage, T., Johnson, S. L. and Raible, D.

Farah, M. H., Olson, J. M., Sucic, H. B., Hume, R. I, Tapscott, S. J. and W. (1999). nacre encodes a zebrafish microphthalmia-related protein that
Turner, D. L. (2000). Generation of neurons by transient expression of regulates neural-crest-derived pigment cell fa&tevelopmentl26, 3757-

neural bHLH proteins in mammalian celBevelopment27, 693-702. 3767.

Fashena, D. and Westerfield, M.(1999). Secondary motoneuron axons Luo, R., An, M., Arduini, B. L. and Henion, P. D. (2001). Specific pan-
localize DM-GRASP on their fasciculated segmedt€€omp. Neurol406, neural crest expression of zebrafish Crestin throughout embryonic
415-424. developmentDev. Dyn.220, 169-174.

Goldstein, R. S. and Kalcheim, C(1991). Normal segmentation and size of Ma, Q., Chen, Z., del Barco Barrantes, |., de la Pompa, J. L. and
the primary sympathetic ganglia depend upon the alternation of rostrocaudal Anderson, D. J.(1998).neurogeninlis essential for the determination of
properties of the somiteBevelopment12, 327-334. neuronal precursors for proximal cranial sensory ganykawron20, 469-

Goldstein, R. S., Teillet, M. A. and Kalcheim, C. (1990). The 482.
microenvironment created by grafting rostral half-somites is mitogenic foMa, Q., Fode, C., Guillemot, F. and Anderson, D. J1999). Neurogeninl
neural crest cellProc. Natl. Acad. Sci. US87, 4476-4480. and neurogenin2 control two distinct waves of neurogenesis in developing

Griffin, K. J., Amacher, S. L., Kimmel, C. B. and Kimelman, D. (1998). dorsal root gangliaGenes Devl3, 1717-1728.

Molecular identification obpadetail regulation of zebrafish trunk and tail Marusich, M. F., Furneaux, H. M., Henion, P. D. and Weston, J. A1994).
mesoderm formation by T-box gen&evelopmeni25 3379-3388. Hu neuronal proteins are expressed in proliferating neurogenic gells.

Halpern, M. E., Thisse, C., Ho, R. K., Thisse, B., Riggleman, B., Neurobiol.25, 143-155.

Trevarrow, B., Weinberg, E. S., Postlethwait, J. H. and Kimmel, C. B.  Miao, N., Wang, M., Ott, J. A., D’'Alessandro, J. S., Woolf, T. M., Bumcrot,
(1995). Cell-autonomous shift from axial to paraxial mesodermal D. A., Mahanthappa, N. K. and Pang, K.(1997). Sonic hedgehog
development in zebrafisioating headmutants.Developmentl21, 4257- promotes the survival of specific CNS neuron populations and protects these
4264. cells from toxic insult in vitroJ. Neuroscil7, 5891-5899.

Henion, P. D., Raible, D. W., Beattie, C. E., Stoesser, K. L., Weston, J. A. Neumann, C. J., Grandel, H., Gaffield, W., Schulte-Merker, S. and
and Eisen, J. S.(1996). Screen for mutations affecting development of Nusslein-Volhard, C. (1999). Transient establishment of anteroposterior

zebrafish neural creddev. Genetl8, 11-17. polarity in the zebrafish pectoral fin bud in the absence of sonic hedgehog
Hidalgo, A. and Ingham, P.(1990). Cell patterning in th®rosophila activity. Developmenfl26, 4817-4826.

segment: spatial regulation of the segment polarity gpatched Nieto, M., Schuurmans, C., Britz, O. and Guillemot, F.(2001). Neural

Developmeni10, 291-302. bHLH genes control the neuronal versus glial fate decision in cortical
Hynes, M., Porter, J. A., Chiang, C., Chang, D., Tessier-Lavigne, M., progenitorsNeuron29, 401-413.

Beachy, P. A. and Rosenthal, A.(1995). Induction of midbrain Park, H. C., Kim, C. H., Bae, Y. K,, Yeo, S. Y., Kim, S. H., Hong, S. K.,

dopaminergic neurons by Sonic hedgehdguron15, 35-44. Shin, J., Yoo, K. W., Hibi, M., Hirano, T. et al. (2000). Analysis of
Incardona, J. P., Gaffield, W., Kapur, R. P. and Roelink, H.(1998). The upstream elements in the HuC promoter leads to the establishment of

teratogenic Veratrum alkaloid cyclopamine inhibits sonic hedgehog signal transgenic zebrafish with fluorescent neur@ey. Biol.227, 279-293.

transductionDevelopmeni 25 3553-3562. Perez, S. E., Rebelo, S. and Anderson, D. (1.999). Early specification of
Itoh, M., Kim, C. H., Palardy, G., Oda, T., Jiang, Y. J., Maust, D., Yeo, S. sensory neuron fate revealed by expression and function of neurogenins in

Y., Lorick, K., Wright, G. J., Ariza-McNaughton, L. et al. (2003). Mind the chick embryoDevelopmenii26, 1715-1728.

bomb is a ubiquitin ligase that is essential for efficient activation of NotchRaible, D. W. and Eisen, J. S(1994). Restriction of neural crest cell fate in

signaling by DeltaDev. Cell4, 67-82. the trunk of the embryonic zebrafidbevelopmeni20, 495-503.

Johnson, R. L., Laufer, E., Riddle, R. D. and Tabin, C(1994). Ectopic  Raible, D. W., Wood, A., Hodsdon, W., Henion, P. D., Weston, J. A. and
expression of sonic hedgehog alters dorsal-ventral patterning of somites.Eisen, J. S.(1992). Segregation and early dispersal of neural crest cells in
Cell 79, 1165-1173. the embryonic zebrafisiDev. Dyn.195 29-42.

Kalcheim, C. and Le Douarin, N. M.(1986). Requirement of a neural tube Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S., Ruiz i
signal for the differentiation of neural crest cells into dorsal root ganglia. Altaba, A., Tanabe, Y., Placzek, M., Edlund, T., Jessell, T. M. et al.
Dev. Biol.116, 451-466. (1994). Floor plate and motor neuron induction by vhh-1, a vertebrate

Kalcheim, C. and Teillet, M. A. (1989). Consequences of somite = homolog of hedgehog expressed by the notoct@ed.76, 761-775.
manipulation on the pattern of dorsal root ganglion developmentRoelink, H., Porter, J. A., Chiang, C., Tanabe, Y., Chang, D. T., Beachy,

Development06, 85-93. P. A. and Jessell, T. M(1995). Floor plate and motor neuron induction by
Karlstrom, R. O., Trowe, T., Klostermann, S., Baier, H., Brand, M., different concentrations of the amino-terminal cleavage product of sonic

Crawford, A. D., Grunewald, B., Haffter, P., Hoffmann, H., Meyer, S. hedgehog autoproteolysiGell 81, 445-455.

U. et al.(1996). Zebrafish mutations affecting retinotectal axon pathfindingRubinstein, A. L., Lee, D., Luo, R., Henion, P. D. and Halpern, M. E.

Developmeni23 427-438. (2000). Genes dependent on zebrafigtiopsfunction identified by AFLP

Karlstrom, R. O., Talbot, W. S. and Schier, A. F.(1999). Comparative differential gene expression scre@enesi6, 86-97.
synteny cloning of zebrafigfou-toa mutations in the Hedgehog targgi2 Sbrogna, J. L., Barresi, M. J. and Karlstrom, R. O.(2003). Multiple roles
affect ventral forebrain patterninGenes Devl3, 388-393. for Hedgehog signaling in zebrafish pituitary developmest. Biol.254,
Karlstrom, R. O., Tyurina, O., Kawakami, A., Talbot, W. S., Sasaki, H. 19-35.
and Schier, A. F.(2003). Genetic analysis of zebrafgdil andgli2 reveals Schauerte, H. E., van Eeden, F. J., Fricke, C., Odenthal, J., Strahle, U. and
divergent requirements forgli genes in vertebrate development. Haffter, P. (1998). Sonic hedgehodgs not required for the induction of
Developmeni30, 1549-1564. medial floor plate cells in the zebrafighevelopmeni25 2983-2993.
Kimmel, C. B., Kane, D. A., Walker, C., Warga, R. M. and Rothman, M. Sela-Donenfeld, D. and Kalcheim, C(1999). Regulation of the onset of
B. (1989). A mutation that changes cell movement and cell fate in the neural crest migration by coordinated activity of BMP4 and Noggin in the

zebrafish embrydNature 337, 358-362. dorsal neural tubédevelopment26, 4749-4762.

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B. and Schilling, Stenkamp, D. L. and Frey, R. A.(2003). Extraretinal and retinal hedgehog
T. F. (1995). Stages of embryonic development of the zebrddish. Dyn. signaling sequentially regulate retinal differentiation in zebrafis. Biol.
203 253-310. 258, 349-363.

Kimmel, C. B., Miller, C. T. and Moens, C. B.(2001). Specification and Sun, Y., Nadal-Vicens, M., Misono, S., Lin, M. Z., Zubiaga, A., Hua, X.,
morphogenesis of the zebrafish larval head skel®en. Biol.233 239- Fan, G. and Greenberg, M. E(2001). Neurogenin promotes neurogenesis
257. and inhibits glial differentiation by independent mechanisbedi. 104, 365-

Korzh, V., Edlund, T. and Thor, S.(1993). Zebrafish primary neurons initiate ~ 376.
expression of the LIM homeodomain protein Isl-1 at the end of gastrulationfalbot, W. S., Trevarrow, B., Halpern, M. E., Melby, A. E., Farr, G,
Development18 417-425. Postlethwait, J. H., Jowett, T., Kimmel, C. B. and Kimelman, D(1995).
Krauss, S., Concordet, J. P. and Ingham, P. W1993). A functionally A homeobox gene essential for zebrafish notochord develophianire
conserved homolog of tligrosophilasegment polarity gene hhis expressed 378 150-157.
in tissues with polarizing activity in zebrafish embry@sll 75, 1431-1444.  Teillet, M. A. and Le Douarin, N. M. (1983). Consequences of neural tube



5362 Development 130 (22) Research article

and notochord excision on the development of the peripheral nervous systemHaffter, P., Hammerschmidt, M., Heisenberg, C. P., Jiang, Y. J., Kane,
in the chick embryoDev. Biol.98, 192-211. D. A. et al.(1996). Mutations affecting somite formation and patterning in

Testaz, S., Jarov, A., Williams, K. P., Ling, L. E., Koteliansky, V. E., the zebrafishDanio rerio. Development23 153-164.

Fournier-Thibault, C. and Duband, J. L. (2001). Sonic hedgehog restricts Varga, Z. M., Amores, A., Lewis, K. E., Yan, Y. L., Postlethwait, J. H.,
adhesion and migration of neural crest cells independently of the Patched-Eisen, J. S. and Westerfield, M(2001). Zebrafislsmoothenedunctions
Smoothened-Gli signaling pathwaroc. Natl. Acad. Sci. US88, 12521- in ventral neural tube specification and axon tract formabewvelopment
12526. 128 3497-3509.

Thisse, C., Thisse, B., Schilling, T. F. and Postlethwait, J. H1993). Vermeren, M., Maro, G. S., Bron, R., McGonnell, I. M., Charnay, P.,
Structure of the zebrafish snaill gene and its expression in wild-type, Topilko, P. and Cohen, J.(2003). Integrity of developing spinal motor
spadetailandno tail mutant embryosDevelopmeni19, 1203-1215. columns is regulated by neural crest derivatives at motor exit pNiedson

Tsuchida, T., Ensini, M., Morton, S. B., Baldassare, M., Edlund, T., Jessell, 37, 403-415.

T. M. and Pfaff, S. L. (1994). Topographic organization of embryonic Westerfield, M. (1994).The Zebrafish BogkJniversity of Oregon Press.
motor neurons defined by expression of LIM homeobox g&edkr9, 957- Wolff, C., Roy, S. and Ingham, P. W(2003). Multiple muscle cell identities
970. induced by distinct levels and timing of hedgehog activity in the zebrafish

van Eeden, F. J., Granato, M., Schach, U., Brand, M., Furutani-Seiki, M., embryo.Curr. Biol. 13, 1169-1181.



