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SUMMARY

In zebrafish, cells at the lateral edge of the neural plate
become Rohon-Beard primary sensory neurons or neural
crest. Delta/Notch signaling is required for neural crest
formation. ngnl is expressed in primary neurons;
inhibiting Ngnl activity prevents Rohon-Beard cell

formation but not formation of other primary neurons.

Reducing Ngnl activity in embryos lacking Delta/Notch
signaling restores neural crest formation, indicating
Delta/Notch signaling inhibits neurogenesis without
actively promoting neural crest. Ngnl activity is also
required for later development of dorsal root ganglion

sensory neurons; however, Rohon-Beard neurons and
dorsal root ganglion neurons are not necessarily derived
from the same precursor cell. We propose that temporally
distinct episodes of Ngnl activity in the same precursor
population specify these two different types of sensory
neurons.

Key words: Neural crest, Zebrafish, Delta/Notch signaling, Rohon-
Beard neuron, bHLH, Neurogenin, Proneural genes, Neurogenic
genes

INTRODUCTION

There are still unresolved questions about how vertebrate

proneural and neurogenic gene homologs function during

Although the molecular machinery that regulates neurogenesieurogenesis. For example, fly PNGs appear both to select
is largely conserved between insects and vertebrates, theuronal precursors and to specify the type of neurons they
precise functions of neurogenic and proneural genes durirgenerate. It is unclear whether both or perhaps just the first of
vertebrate  neurogenesis remain unresolved. Durinthese functions are carried out by vertebrate PNG homologs
neurogenesis in the fly central nervous system, a cluster (feviewed by Brunet and Ghysen, 1999; Hassan and Bellen,
ectodermal cells express proneural genes (PNG), that enco2@00). Secondly, in both the central and peripheral nervous
basic helix-loop-helix (bHLH) transcription factors, at a low systems, fly PNGs specify neuronal precursor cells, which
level. Subsequently, the actions of neurogenic genes, includirigequently undergo one or more rounds of cell division before
the ligand Delta and its receptor Notch, repress PNGlifferentiating. It is unknown whether vertebrate PNG
expression in all but one cell of the cluster (Campos-Ortegdomologs specify neuronal precursors or neurons themselves.
1995). This cell expresses the PNG at high levels, becomingFanally, recent studies have led to a new interpretation of the
neuronal precursor that delaminates from the ectodermable of Delta/Notch signaling in vertebrate cell fate decisions.
epithelium and undergoes a specific number of division§he prevailing model has been that Delta/Notch signaling
ultimately yielding a defined number of neurons (Camposprevents differentiation of all cell fates (Coffman et al., 1993;
Ortega, 1995). Struhl et al., 1993). However, several recent studies suggest

Vertebrate homologs of proneural and neurogenic gendbkat Delta/Notch signaling can promote gliogenesis in cultured
appear to function similarly to their insect counterparts. Thusnammalian neural crest cells (Morrison et al., 2000b),
misexpression of vertebrate neural bHLH genes leads tmammalian and zebrafish retina (Furukawa et al., 2000; Scheer
ectopic neurogenesis, and loss of neural bHLH function leadst al., 2001), mammalian forebrain (Gaiano et al., 2000), and
to failure of formation or differentiation of subsets of neuronsavian dorsal root gangalia (DRG) (Wakamatsu et al., 2000). It
(reviewed by Kageyama and Nakanishi, 1997; Lee, 1997)s important to determine whether Delta/Notch is actively
Moreover, activation of Delta/Notch signaling suppressegpromoting specific cell fates in other situations where it is
neural bHLH gene expression in mice and other vertebratesmployed.
(Kageyama and Ohtsuka, 1999), and loss of Delta/Notch PNG and neurogenic genes have been characterized in
signaling upregulates bHLH gene expression and leads webrafish. Homologs of fly neurogenic genBglta, Notch
formation of supernumerary neurons (reviewed by Chan an8Buppressor of Hairlesand genes of th&nhancer of split
Jan, 1999). complex) appear to mediate lateral inhibition during zebrafish



2640 R. A. Cornell and J. S. Eisen

neurogenesis (Appel and Eisen, 1998; Bierkamp and Campos-Epitope-tagged ngnl MO contains a carboxyfluorescein
Ortega, 1993; Cornell and Eisen, 2000; Dornseifer et al., 199Modification at the '3end (Gene Tools, Corvallis OR)

Haddon et al., 1998a; Takke et al., 1999; Westin and Lardelli, ngnI™smah MO (lower case letters indicate bases that do not
1997). A PNG homolog, neurogenin hg(l neurod3 - gzxﬁiiggnéngnl cDNA sequence): 'STATtCGAaCTCCATTGT-
Zebrafish Information Network) is expressed in neural plat - . .

regions where a class of early-born neurons, called primar T“g'glzgie“"eoefgf%egg““”g bases 94-118):ACCTTATTG-
neurons, arises (Blader et al., 1997; Kim et al., 1997; Korz

et al., 1998). Primary neurons include Rohon-Beard spinahjection protocols for widespread or mosaic distribution

sensory neurons (RBs), in the lateral neural plate, and primagyorpholinos were reconstituted in Danieau’s media [58 mM NaCl,
interneurons  (INs) and motoneurons (PMNs), in thep.7 mMm KCl, 0.4 mM MgS@, 0.6 mM Ca (N@)2, 5 mM Hepes, pH
intermediate and medial neural plates, respectively (Kimmet.6) (Nasevicius and Ekker, 2000)] at 25 mg/ml and stored at —20°C.
et al., 1991). Misexpression ofgnl RNA results in ectopic Immediately before injection, fresh dilutions were made in 0.2 M KClI
neurons that have gene expression profiles resembling tho9e0.6 mg/ml, except for the initial titration of each morpholino, in
of primary neurons. The regulatory relationship betweenvhich case a series of concentrations from 0.1 mg/ml to 7.5 mg/ml
neurogenic and proneural genes also seems to be conserved ¢ tested. For widespread distribution of morpholinos, one-cell

- At tage embryos in their chorions were injected with 2-3 nl diluted
zebrafish; for examplq, activation of the Delta/Notch pathwa orpholino into the yolk just beneath the nascent cells before the four-
repressesgnlexpression (Blader et al., 1997).

- . cell stage. Drop sizes from a given pipette appeared to be consistent
We have focussed on the rolenginlin the zebrafish lateral oyer the course of an experiment, so drop volume was calculated by
neural plate to address some of the issues raised above. Thilgding the volume loaded into the pipette by the number of
region contains an equivalence domain of cells that can becorigections required to empty the pipette. Pipettes were pulled on Sutter
RBs, but when exposed to Delta/Notch signaling, becommstruments Micropipette puller (Model P-2000). Injections were
trunk neural crest instead (Cornell and Eisen, 2000). We nowerformed with an air injection apparatus (ASI).
show thatngnlis expressed early in RBs and later in neural For mosaic distribution of morphc_)linos or rhodamine-dextran
function is required for formation of both of these cell types)"’ere placed in agarose-coated dishes. The pipette tip was positioned

but not for PMNs or autonomic neurons. These data proVld%gmpled inwards. The injection apparatus was then gently tapped until

evidence that Ngnl function is required_ _specifically forthe pipette tip entered the cell. For 32-cell-stage blastomeres, ~1 nl of
development of sensory neurons. We additionally show th%tpitope-tagged morpholino at 0.3 mg/ml, or rhodamine-dextran at
although bOth RBs and DRG neurons depend on Ngnl, theégproximateh/ 2% Concentration, was injected.

is no obligate lineage relationship between these two cell types,

suggesting that, consistent with the temporal expressioRNA insitu hybridization, [-galacactosidase staining and

pattern, distinct episodes of Ngn1 activity first specify RBs andmmunohistochemical staining

later specify DRG neurons. Finally, we show that reducind’!G-labeled antisense RNA probes (Roche Diagnostics) for in situ
Ngn1 function restores trunk neural crest in embryos that lackyPridization were generated from plasmids as folloesstin
Delta/Notch signaling, suggesting that although DeIta/NotCH?l.asm'd (gift of Marnie Halpern) was cut wilicoR| and transcribed

- P . . ith T7 polymerasefkd6 plasmid {oxd3 — Zebrafish Information
ﬁleg]lTran;ncgrelgrlfglttg the RB fate, it does not actively promote thﬁy\\l,etwork) (gift of Joerg Odenthal and Christine Nuesslein-Volhard)

was cut withBanHI and transcribed with T7 polymerasd? plasmid
was cut withEcoRI and transcribed with T7 polymerase. RNA in situ
hybridization was performed as described previously (Appel and

ainst an animal pole blastomere such that the surface of the cell

MATERIALS AND METHODS Eisen, 1998). Embryos processed to reveal fluorescein-labeled
] ) morpholino were first processed for RNA in situ hybridization, then
Fish and embryo rearing stripped of anti-Dig by three 10 minute incubations in 0.2 M glycine

Fish were cared for in the University of Oregon Zebrafish Facility(pH 1.2), reblocked and incubated in 1:10,000 dilution of anti-FITC,
Embryos were reared as previously described (Westerfield, 1993) aatkaline phosphatase-conjugated (Roche) in block solution for 12
staged by hours post fertilization at 28°C (h) (Kimmel et al., 1995)hours at 4°C, then rinsed and developed in Sigma Fast Fast Red
mib@52b mutant embryos were generated by crossing two(Sigma product F-4648).

heterozygous adult carriers. This allele noifo was initially called Embryos injected withlacZ RNA were developed forf-
whitetail (Jiang et al., 1996). galactosidase activity as previously described (Cornell and Eisen,

2000), post-fixed overnight at 4°C, then processedkidf RNA in
Composition of morpholinos situ hybridization.

Morpholino (MO) antisense oligonucleotides (Gene Tools, Corvallis Monoclonal antibodies were used at the following dilutions: zn12,

OR) were designed to complement tigm1cDNA. Positions where  1:4000; znl, 1:200; znpl, 1:1000 [zn’ antibodies described

different GenBank submissions of this sequence (Accessiopreviously (Trevarrow et al., 1990)]; anti-HU [monoclonal antibody

numbers AF 017301, AF036149, U94588 and AF024535) varied6A1l (Marusich et al., 1994)], 1:100; and anti-acetylated tubulin

were avoided. Base positions listed below refer to GenBankSigma), 1:500. Samples were developed as described elsewhere

Accession Number AF 017301 (Blader et al., 1997). TheséCornell and Eisen, 2000). Polyclonal anti-tyrosine hydroxylase (Pel-

morpholinos do not complement the only other publishgdl Freez Biologicals) was used at 1:100 dilution and developed as

ortholog ngn3 (neurog3— Zebrafish Information Network) (Wang, described elsewhere (Cornell and Eisen, 2000).

2001) or any of the expressed sequence tags homologous to o

neurogenin published to date by the Washington UniversityRNA for microinjection

Zebrafish Genome Resources Project. Capped RNAs from dominant negatXenopus laeviSuppressor of
ngn®YG MO and ngnl MO (complementing bases 222-246, Hairless plasmid X-Su(HPBM] (a gift from Daniel Wettstein and

straddles start codon):-BATACGATCTCCATTGTTGATAACC-3 Chris Kintner) and SP64l&cZ plasmid (a gift from Marnie Halpern)
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were synthesized as previously described (Cornell and Eisen, 200). cranial ganglia (Fode et al., 1998; Ma et al., 1998), we also

Capped RNAs were mixed and injected at a final concentration afetectedngnl expression in the position of nascent cranial
approximately 0.3 mg/ml each into one cell at the two-cell stage. ganglia (Fig. 1D).

Reduction of ngnl function eliminates RB neurons

RESULTS To test the role of Ngn1 in zebrafish neuronal development, we
) ) depleted embryos of Ngn1 protein by injecting a morpholino
ngnl is expressed in RBs and DRG neurons antisense oligonucleotide (hereafter referred tagael MO).

ngnl is expressed broadly in neurogenic regions of th&Ve processed embryos injected wign1MO to revealislet2
zebrafish neural plate; some cells express high levels and othéd2) mMRNA expression, a marker of RBs and PMNSs (Fig. 2A)
low levels (Blader et al., 1997; Kim et al., 1997; Korzh et al.(Appel et al., 1995; Tokumoto et al., 1995). RB expression of
1998). To establish whether RBs expressguil, we examined isl2 was highly reduced or absent in embryos injected with
anti-Islet immunoreactivity, an early marker of primary ngn1MO, while PMN expression was unperturbed (Fig. 1B).
neurons (including RBs) (Korzh et al., 1993), together withExpression ofisl2 in trigeminal ganglia was also highly
ngnl mRNA expression in neural plate stage embryos. Weeduced (not shown). Injection of a second, non-overlapping
found that in caudal neural plate, RBs and most surroundingorpholino complementary to thegnl transcript gave the
cells expressedhgnl (Fig. 1A), while in more rostral, same result (Fig. 2C), arguing that these morpholinos targeted
developmentally older neural plate, RBs but not surroundinthe ngnl mRNA, and not a spurious target with fortuitous
cells expressed high levels mjn1(Fig. 1A"). The pattern of sequence identity (Nasevicius and Ekker, 2000). For the
expression ofignlthus resembles that of proneural genes irremaining experiments, we injectagn1MO.
Drosophila melanogastemeurogenic ectoderm, where initial ] ] )
broad expression is restricted to the subset of cells that wiNgn1 is required for formation of RBs but not PMNs
become neuroblasts [e.g. scute (Ruiz-Gomez and Ghysebistinct vertebrate neural bHLH genes regulate specification
1993)]. Furthermore, as some of the cells that surround RBs differentiation of neurons (reviewed by Chan and Jan, 1999).
are premigratory neural crest cells (Cornell and Eisen, 2000Jo learn whether Ngnl was required for specification or
these observations provide evidence that, in contrast to RBdifferentiation of RBs, we examined the earliest markers of the
premigratory neural crest cells expreggilonly transiently. RB fate in embryos injected withgnl MO. isl1 and HuC
However, we did detect high levels of expressiongsfllater  (elavi3— Zebrafish Information Network) are both expressed
in the position of nascent DRG neurons (Fig. 1B,C), whichn primary neurons at neural plate stages (Appel et al., 1995;
derive from neural crest. Together, these data suggest that teue et al., 1994; Kim et al., 1996). Embryos injected with
precursor population that arises in the lateral neural plategnl MO had reduced or absent expression of these markers
expresses high leveigynlat two distinct periods: first in the in RBs (Fig. 3A,B and not shown), while PMN expression
subset of cells that becomes RBs and later in the subset afpeared normaheurodis expressed at an early stage in RBs
neural crest cells that becomes DRG neurons. (Blader et al., 1997; Korzh et al., 1998). This expression, as
Consistent with expression of mouse neurogenin homologsell as expression in trigeminal ganglia, was lost in embryos
injected withngn1MO (Fig. 3C,D).deltaA
(dla) is expressed at low levels in regions
that give rise to all three classes of primary
neurons, but at high levels in individual
neuronal precursors within these regions
(Appel and Eisen, 1998; Haddon et al.,
1998b). In embryos injected withgnl
MO, dla expression was reduced in the RB
domain and in the trigeminal ganglia, but

Fig. 1.ngnlis expressed in RB neurons and in dorsal root and cranial
ganglia. (A) Dorsal view of 6-somite stage embryo, processed to reveal
ngnl1RNA expression (cytoplasm, dark blue) and anti-Islet
immunoreactivity (nuclear, brown). Cells expressiigglbut not Islet

have a clear nucleus (asterisk).An all figures, embryos are shown with
anterior towards the left, except in transverse sections. In caudal neural
plate (inset A, RBs (white arrowheads) and a few cells adjacent to RBs
(asterisk) express high levelsrain1.By contrast, more rostrally, in
developmentally older neural plate (insét)Acells surrounding RBs do
not express high levels afjnl (B) Lateral view of somites 5-12 of an
embryo fixed at 34 hpf and processed to remgallexpression in DRGs
(arrowheads). Expression is also visible in neural tube (NT).

(C) Transverse section of the embryo in A showigglexpression in
DRGs (arrowheads) and neural tube (NT). (D) Lateral head view of 34
hpf embryo showingignlexpression in nascent cranial ganglia
(arrowheads). Scale bars: gon.
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which labels motoneurons (Melancon et al., 1997; Trevarrow et

A " Uninjected al., 1990). Consistent with the effectsisi2 expression in RBs,
Ro@ - » te znl2 labeling was extremely reduced ngnl MO-injected
embryos (Fig. 2G,H), while zn1/znp1 labeling appeared normal
! ﬂm“ . v (Fig. 21,J). Together these data suggestlactivity is required _
s rietind isl2 for a very early step of RB development, perhaps their
= — ngn‘T“UGMO specification, but that Ngn1 is not required for any step in PMN
B development.

Reducing Ngn1 activity restores trunk neural crest in
l + . . ‘ . ‘ embryos with reduced Delta/Notch signaling
e .. e ~— A *-__—’*‘ = Because neural crest and RBs are alternative fates of precursor
- T cells in the lateral neural plate (Cornell and Eisen, 2000), we
reasoned that if Ngn1 function were required for specification of
RBs, reduction of Ngnl might cause cells that would have
become RBs to become neural crest instéaéis expressed in
presumptive premigratory neural crest in lateral neural plate (see
Fig. 5D) (Odenthal and Nusslein-Volhard, 199&)6expression
ol appeared normal ingnl MO-injected wild-type embryos (not
D ngn1°" MO shown). However, as the ratio of RBs to premigratory neural crest
cells in wild-type embryos is quite small, even if all the RBs
converted to neural crest cells it would be difficult to detect. To

C ngn Tmf'smﬁ!\:ﬁMO

- & -
= AL &

‘ P’ ”. !: - make it easier to recognize such a cell fate conversion, we made

poe ' o ‘“ﬂ use of a mutanmindbomb(mib), that has a large excess of RBs
. at the expense of neural crest, apparently resulting from disrupted

Fig. 2.RBs but not PMNs are eliminated bgnlmorpholinos. Delta/Notch signaling (Haddon et al., 1998a; Jiang et al., 1996;

(A-D) Lateral views of 18 hpf wild-type embryos at somites 15-20, Schier et al., 1996).

processed to reverl2 RNA expression. In this and subsequent mib mutants have supernumerary RBs and PMNs relative to

figures, the portrayed phenotype was observed in at least 80% of jld-type embryos (Jiang et al., 1996; Schier et al., 1996), as
injected embryos. (A) Uninjected embryo. Expressioisi@fcan be revealed by excess|2 expression (Fig. 4A,B). Imgnl MO-
seen in RBs in dorsal neural tube and in a subset of primary injected mib mutants, recognizable asib- by the PMN

motoneurons (PMN) in ventral neural tube. (B) Embryo injected at . -
the two-cell stage with approximately 1.5 ngigh1MO that phenotype, RBs were nearly absent (Fig. 4C). This double loss-

straddles the start AUG of tingnZtranscript. As revealed bigl2 of-function phenotype suggests that théb gene, and hence
expression, RBs were absent or highly reduced, whereas PMNs wekeelta/Notch signaling, acts upstreamnghl mib mutants also
normal (40 embryos scored). Note: in embryos injected with 7.5 ng lack fkd6 expression in the trunk (Fig. 5E), consistent with all

of ngn1MO, PMNs in the tail were reduced in some embryos; lateral neural plate precursor cells adopting the RB fate because
however, it is unclear whether this phenotype resulted from targetingf reduced Delta/Notch signaling (Cornell and Eisen, 2000). By
of thengnltranscript, because target specificity may not be contrast, trunk neural crest was restorethin mutants injected
maintained at this concentration. (C) Embryo injected at two-cell  yyith ngnl MO (Fig. 4F). We also examined a marker of
stage with approximately 3.0 ng egn"sm2 MO, which is migratory neural crestrestin (Rubinstein et al., 2000)nib

identical tongn1MO except at four base positions (28 embryos
scored). RBs and PMNs are normal, indicating that sequence
complementarity is essential for protein knockdown at this

mutants have a strong reductiorcmstinexpression in the trunk
relative to wild-type embryos (Fig. 4G,H). By contrastip

morpholino concentration. At 6.0 ng of injecteghImismatchiO, mutants injected withgn1MO, still recognizable as mutants by
embryos resemblengn1MO-injected embryos (20 embryos their abnormal somites and curved tails, had extercsestin
scored), suggesting that at this high dosentgre mismatch MO positive neural crest in the trunk and tail (Fig. 4l). At 3 days

targets theagnltranscript, despite the lack of complementarity at ~ postfertilization (dpf)mib mutants lack pigment cells and other
four out of 25 positions. We therefore ignored effects of morpholinosgrunk neural crest derivatives (Fig. 4J,K) (Jiang et al., 1996;
at this high dose, because of the uncertainty of the transcript being Schier et al., 1996) (R. A. C. and J. S. E., unpublished), whereas
targeted. (D) Embryo injected at two-cell stage with approximately ngn1MO-injectedmibmutants had melanophores throughout the
1.2 ng ofngnPYTRMO, that complements an upstream region of theynk (Fig. 4L). Xanthophores, a separate pigment cell type that
ﬁ] E}ItZGTehrﬁbF)rgggOz;%l?rﬁsaggs:r(ezg 'g%rg:sﬁgtgctgfg;;lmg'G ngand &€ yellow in color, were also restored (Fig. 4M-O). Together

' ¥ {hese results are consistent with the model that cells that cannot

higher, embryos showed patchy necrosis in the CNS. This phenotypb imib . d diff . |
was presumed to result from toxicity of the morpholino at this dose, P€COMe RBs imib mutants instead differentiate as neural crest

as opposed to further reduction of Ngn1 function. Scale barmb0 derivatives followi'ng suppression of Ngnl 'function.
Thengnl MOmight rescue neural crestrimbmutants by cell-

autonomously causing precursor cells to become neural crest, or
intermediate and medial domains of neural plate expressiddy killing these cells, thereby allowing neighboring cells to be
were relatively unaffected (Fig. 3E,F). exposed to neural crest-inducing signals. To distinguish between
In addition to these early markers of RB identity, we examinethese possibilities, we injected single cellsnib mutants at
zn12 antibody immunoreactivity, which labels differentiated RBghe 16- or 32-cell stage with epitope-taggeghl MO. This
(Metcalfe et al., 1990), and zn1/znp1 antibody immunoreactivitypccasionally resulted in dispersed clones of morpholino-



containing cells in the lateral neural pl:
In such cases, small groups of cells v
seen to expresskd6 and these cel
always contained the morpholino, whet
neighboring cells that did not cont
morpholino also did not exprefisl6 (Fig.
4P). This result provides evidence that
precursors inheriting thengnl MO
themselves adopted the neural crest fe
cell-autonomous event.

Although mib mutants appear to hav
disruption of Delta/Notch signaling, t
mutated gene has not yet been molecu
identified. We considered using @la
mutant @la®? (Appel et al., 1999
however, as the phenotype of this allel
incompletely penetrant, a reversal of
phenotype would be difficult to quantite
Instead, to test the effect on1 MO in
embryos with a known disruption
Delta/Notch  signaling, we inject
embryos with RNA encoding domine
negative X. laevis Supressor of Hairle:
[X-Su(HPBM], which disrupts an effect
of Delta/Notch signaling (Wettstein et
1997). Like mib mutants, X-Su(HPBM-
injected embryos also have excess
and a loss of trunk neural crest (Fig.
(Cornell and Eisen, 2000). Co-injectior
ngnl MO restored fkd6-positive trunt
neural crest in these embryos (Fig. ¢
supporting our interpretation of the eff
of disrupting Ngn1 irmib mutants.

Ngn1 function is required for
development of peripheral sensory
neurons

Neurogenin homologs are required
development of mouse peripheral sen:
but not autonomic neurons (Fode et
1998; Ma et al., 1998; Ma et al., 1999).
learn what peripheral neurons dep
on Ngnl in zebrafish, we examir
peripheral neurons in embryos injec
with  ngnl MO. ngnl MO-injectec
embryos were touch insensitive at 3 «
suggesting a problem with sens
neurons, although they retained the ak
to swim, suggesting motoneurons w
still functional. Embryos injected wi
ngn1MO had dramatically fewer neurc

in the DRG relative to uninjected embryos (Fig. 5A,B). Cranial
sensory neurons were also highly reduced or absemgrit
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uninjected

Ry RB B
YY)
ist1 {18 A b
PuN  (HG

W trl

ngni MO

PMN

nrd |

NS

Fig. 3.Early markers of RBs are eliminated tgn1MO. (A,C,E,G,I) Uninjected embryos.
(B,D,F,H,J) Embryos injected at the one- to two-cell stage with 1.5 ngrdfMO.

(A,B) Embryos fixed at the five-somite stage (about 12 hpf), processed toistl/&NA
expression. RBs (arrowheads, RB) and trigeminal ganglion precursors (tri) were highly
reduced, whereas PMNs and hatching gland (HG) were still present in injected embryos (25
embryos scored). (C,D) Embryos fixed at the five-somite stage, processed toeavedl

(nrd) RNA expression. RBs (arrowheads) and trigeminal ganglion precursors (tri) were
highly reduced in injected embryos (24 embryos scored). (E,F) Embryos fixed at the three-
somite stage (about 11 hpf), processed to rallaaxpression (left half of neural plate is
shown). High level expression, identifying RB precursors (arrowheads) and trigeminal
ganglia (tri) was eliminated, whereas low level expression in lateral neural plate and
trigeminal ganglia was still present in injected embryos. Medial neural plate expression at
high and low levels was present in injected embryos (43 embryos scored). (G,H) Embryos
fixed at 24 hpf and processed to reveal zn12 antibody immunoreactivity in RBs. RBs were
highly reduced or completely absent from injected embryos, although residual labeling was
still visible in unidentified cell bodies and axon tracts within the intermediate spinal cord and
hindbrain (28 embryos scored). (1,J) Embryos fixed at 24 hpf and processed to reveal znl and
znp1 antibody immunoreactivity. PMN axons are labeled and appear normal in number in
injected embryos (26 embryos scored). Scale barspd0id A-F; 50pum in G-J.

Interestingly, another phenotype afgnl MO-injected
embryos is a permanently open mouth (Fig. 51,J). This

MO-injected embryos (Fig. 5C,D). By contrast, enteric neuronphenotype perhaps results from disrupted sensory feedback
(Fig. 5E,F), cranial motoneurons (not shown) and sympathetitom the jaw.

neurons (Fig. 5G,H) were all grossly normal in number and ] i

distribution in ngnl MO-injected embryos. Thus, consistent RB and DRG neurons have no determinate lineage

with results in mouse (Fode et al., 1998; Ma et al., 1998; Ma é¢lationship

al., 1999), zebrafish that lack Ngnl activity were deficient infwo models for the role of Ngnl could explain the observation

sensory neurons but had normal autonomic neurons.

that both RBs and DRG neurons were absent fignil MO-
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Fig. 4.Injection ofngn1MO rescues trunk wt, uninjected mib, uninjected mib, ngn1 MO
neural crest in embryos with reduced

Delta/Notch signaling(A,D,G,J,M) Wild- 'A.-, . _ oget®® ?’ o @

type embryos; (B,E,H,K,Nonib mutants; isl2 y.,“_' o " Py basine ’

(C.F.I.L,O)mib mutants injected with 1.5 e - . .ra‘ .ﬁ'!
ngngnlMO. (A-C) Lateral views of 20 hy —

embryos processed to revesP

expression. (A) In wild typess|2

expression is visible in RBs and a subse fkd6
PMNSs. (B) Inmib mutants, there are ngni MO
supernumerary RBs and PMNs. (C) In
ngnl1MO-injectedmib mutants, RBs are
highly reduced but supernumerary PMN
are still present (nine mutant embryos).
(D-F) Dorsal views of flat-mounted, 11 h
embryos processed to revéal6
expression (black) and distribution of
epitope-taggedgn1MO (red). (D) In wild
types,fkd6 expression is visible in
premigratory neural crest in head and
trunk. (E) Inmib mutants fkd6 expression
is highly reduced in the trunk domain.
(F) In ngn1 MQinjectedmib mutantsfkd6
expression is restored on the injected sit
(an epitope-tagged morpholino was use(
this experiment, see Materials and
Methods) (fivemib mutants with
morpholino in lateral neural plate scored
(G-I) Lateral trunk views of 20 hpf

crestin|’

P mib, ngn1 MO P!
embryos processed to reveadstin B "ol
expression. (G) In wild typesrestin fkd6 m: ' N -
expression is visible in premigratory and  ngni MO ' FPB | A

:mmé“'

migratory neural crest. (H) Imib mutants, \ . i
crestin expression is all but absent from

trunk. (I) Inngn1MO-injectedmib

4 S p'gSu(HJ R  dnSu(H), ngnt MO"
mutants crestinexpression is restored,

although in an abnormal pattern. (J-L) fkd6 ¥ 1) cpdast e % g
Lateral trunk views of live 4 dpf embryos W B g . o W‘P ‘ﬁﬂrnm. *f
(J) In wild types, neural-crest-derived ble [\ S 5 Ahdyy

melanophores are visible in dorsal,

intermediate and ventral stripes. (K)ririb mutants, melanophores are virtually absent from the trunk and tail. gnttMO-injectedmib
mutants, melanophores are restored in the trunk and tail. Melanophores are abnormally distributed, however, often preaséne spine
cord and somites (Irdib mutants scored). (M-O) Higher magnification lateral views of the embryos shown in J-L, respectively. Neural crest-
derived yellow xanthophores are present in wild-type embryos (M), are highly redundshiutants (N) and are restorednign1MO-
injectedmib mutants (O) (12nib mutant embryos scored). (P) Dorsal view of a flat-mounted, 1iitphutant embryo processed to reveal
fkd6expression (black) and distribution of epitope-tagggl MO (red).ngn1MO was injected into one cell at the 32-cell stage. A few cells
in trunk lateral neural plate expreksl6 (box and arrowhead), and these all contaimt@l MO, suggesting a cell autonomous of conversion
of RBs to neural crest by the morpholino (fotib mutants with dispersed clones of morpholino-containing cells scoréd.)(Higher-
magnification view of boxed area in P in bright fielt) (¢ showfkd6 expression, and under fluorescent optic9 (& show distribution of the
morpholino. (Q,R) Dorsal view of flat mounted, 11 hpf embryos processed to fiel@akpression (blue) arfétgal activity (turquoise).

(Q) Embryos co-injected with RNAs encoding dominant negatiMaevisSupressor of HairlessifiSu(H) and3-gal have reduceftkd6
expression in the trunk neural plate (10/85 injected embryos had X-gal stain in the trunk neural plate, all of these hedlibiffikyl6
expression). (R) Embryos injected with these RNAs in addition to InfgmgMO have restoretkd6 expression in this domain (arrowheads)
(six out of six embryos with co-localization @fgal activity anchgn1MO in lateral neural plate). Scale bars: in A, 1@0in A-C; in D, 200

pm in D-F; in G, 10Qum in G-I; in J, 10Qum in J-L; in M, 50um in M-O; in P, 20Qum; in Q, 200um in Q,R.

injected embryos. One is that an early perioagrilactivity = and DRG neurons are derived from a single precursor cell, we
specifies some cells to become RBs and a later period of activityjected rhodamine-dextran into one cell at the 32-cell stage.
specifies other cells to become DRG neurons. However, in thihis resulted in 10 embryos with labeled RBs, only one of

fly central nervous system, proneural genes specify precursahich had a labeled DRG neuron (Fig. 6). This result reveals
cells that often give rise to many neurons in temporally separathat although RBs and DRG neurons can both derive from the
waves (Campos-Ortega, 1995). Because RBs and neural creatme 32-cell-stage blastomere, they do not invariably do so.
both arise in the lateral neural plate, another model is that NgrThis result negates the possibility that RBs and DRG neurons
specified a lateral neural plate precursor cell that first generatedl this stage invariably arise from a singignldependent

an RB and later generated a DRG neuron. To test whether RBsecursor cell in the neural plate.
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DISCUSSION

Ngn1 activity is required for sensory
neuron formation

The data we present here provide evidence that
Ngnl function is required for formation of
sensory neurons but not other neurons. Fly PNGs
have been ascribed dual roles: to imbue a cell
with the potential to become a neuronal precursor
and to confer subtype identity upon the neurons
that are derived from that precursor (reviewed by
Bray, 2000; Brunet and Ghysen, 1999). It has
been suggested that these functions have been
split in vertebrateatonal homologs (Hassan and
Bellen, 2000).ngnlis expressed in neural plate
domains that later give rise to sensory neurons,
interneurons and motoneurons (Korzh et al.,
1998). Moreover, Blader et al. (Blader et al.,
1997) have shown that injectimgn1mRNA led
not only to ectopic cells that expressed znl2
antigen and thus could be RBs, but also to ectopic
cells expressindplx1 characteristic of a class of
) ] o interneurons. They also found that co-expression
Fig. 5. Sensory neurons, but not autonomic neurons, are eliminateghtip0O. of ngn1mRNA anddnRegmRNA, which mimics
(A,C,E,G,]) Uninjected, wild-type embryos; (B,D,F,H,J) embryos injected with L5 ctimulation of the Hedgehog pathway, led to
ng ofngn1MO. (A,B) Lateral trunk views of 4 dpf embryos, processed to reveal . - n o
anti-Hu immunoreactivity. Embryos have been deliberately under-developed to av%E}Op'C C(?"S expressingm3, characteristic of
strong staining in spinal cord underlying DRG neurons. Hu-labeled DRG neurons}éﬁ@tral splnal cord neurons. Toggther these de}ta
absent from injected embryos, although spinal cord stain is beginning to become IMPly that, in zebrafish, Ngn1 activates a generic
visible. (C,D) Lateral view just posterior to eye of 28 hpf embryos processed to neuronal program, with local signals determining
reveal zn12 and anti-acetylated tubulin immunoreactivity. Trigeminal (tri), anteriorthe particular subtype of neuron that is formed.
lateral line (all), acoustic (ac) and posterior lateral line (pll) cranial ganglia are all By contrast, our finding that blocking Ngn1l
highly reduced in injected embryos (28 embryos scored). (E,F) Lateral views of gfiinction inhibits formation of RBs but not of
lumen of 4 dpf embryos processed to reveal anti-Hu immunoreactivity. Enteric  pPMNs or autonomic neurons, suggests that Ngn1
neurons are present in both untreateq and injected embryos. (G,H) Transverse activity is linked particularly with sensory neuron
fectlpns,hngar a>|<|al level of pectortgl _IlnsL, og 5I dpften:tt)ryostpr%cegs(et)j to reveal arflAtion. We propose that inductionloh3 and
rosine hydroxylase immunoreactivity. Label ventral to notochord (n) is in ; :
s);/mpathe%/ic nezrons (arrowheads), V\Yhich are present in both untreated and injec@él by _MISexpressing ngnl results .from
embryos. Asterisk indicates autofluorescence in a blood cell. (1,J) Lateral head viddaPPropriate levels of Ngnl protein that
of live embryos at 5 dpf. Asterisk indicates permanently open mouth of injected UPregulate genes normally activated by other
embryos. Scale bars: in B, fitn in A,B; in D, 50um in C,D; in F, 5um in E,F; in ~ bHLH genes. This interpretation is consistent with
H, 50pm in G,H; in J, 10Qum in 1,J. results from two studies in flies of misexpressed
atonal (ato), a proneural gene required in

"Hllive

Fig. 6.RBs and DRG neurons are not necessarily derived from the
same neural plate precursor cell. Embryos were injected with
rhodamine-dextran into one cell at the 32-cell stage. Of 60 successfully
labeled embryos, 10 had labeled RBs at 24 hpf, a frequency that is
consistent with earlier experiments (Kimmel and Warga, 1987). We
fixed all embryos at 48 hpf and processed them to reveal Hu-
immunoreactivity. (A-F) Transverse sections near somite 10 of 2 dpf
embryos. (A) Bright field image of an embryo with a labeled RB. The
neural tube has been outlined to make it more obvious. (B) Lineage-
tracer distribution in the section shown in A. Asterisk indicates a
labeled RB, recognizable by its large cell body and dorsal position.

(C) Anti-Hu immunoreactivity in the section shown in A. Although a
DRG neuron (arrowhead) is present in this section, it does not contain
lineage tracer, nor did any other DRG neurons in this embryo (not
shown). (D) Bright field image of a different embryo that had a labeled
RB at 24 hpf. This section was torn in processing. The neural tube has
been outlined to make it more prominent. (E) Lineage-tracer
distribution in the section shown in D. Arrowhead indicates a lineage-
labeled DRG. (F) Anti-Hu immunoreactivity in lineage-labeled cell
indicates that it is a neuron (arrowhead). Scale bain25
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chordotonal organs (CHO), but not external sensory orgarispistasis experiments reveal that Delta and Ngn1
(ESO). Surprisingly, misexpressatb driven by a heat-shock function in the same pathway

promoter led to some ectopic ESOs (Jarman et al., 1993}, appears that in vertebrates Delta/Notch signaling regulates
suggesting Ato had little or no ability to specify particularneurogenin activity and vice versa. In fly, an essential element
neuronal subtypes. However, later experiments wareas  of lateral inhibition is that Delta/Notch signaling represses
driven in particular cells for an extended period elicited onlyproneural gene expression in the receiving cell (Simpson,
ectopic CHOs, suggesting that under appropriate expressiag7). In zebrafish and mouse, misexpres3edelta-1
levels atouniquely specifies CHOs (Jarman and Ahmed, 1998)epresses neurogenin expression (Blader et al., 1997; Ma et al.,
If Ngnl specifies sensory neurons, whyngnl mRNA  1996). Moreover, ectopic neurons induced by misexpressed
expressed in medial and intermediate neural plate, domaifgn1 tend to be widely dispersed (Blader et al., 1997),
where no sensory neurons arise? Perhaps Ngnl uniquelMggesting lateral inhibition functions upon Ngn1 activity even
specifies sensory neurons in the PNS, while in the CNS jk ectopic locations. We provide genetic evidence that Ngn1l
activates a generic neyronal _program. If SO, the apparegttivity is epistatic to Delta/Notch signaling: the phenotype
absence of phenotypes in medial and intermediate neural plaj¢reduced RBs imgn1 MO-injected embryos that also lack
in embryos with reduced Ngnl might be explained byDelta/Notch signaling resembles that mgnl MO-injected
redundant activity of other bHLH proteins found in thesewild-type embryos. These data show thghlis regulated by
regions. There is precedent for redundant activity of Ngmelta/Notch signaling.
homologs in mouse: neurons in cranial ganglia that express A second essential element of the feedback inherent to
either Ngnl or Ngn2 are lost in the corresponding mutanfateral inhibition in flies is that proneural genes activate Delta
whereas neurons in the nodose ganglion, which expresses bgﬂ@hes (Campos-Ortega, 1995). Consistent with this activity,
Ngnl and Ngn2, are not lost in either mutant (Fode et al., 199%jisexpression ofX-ngnr-1 is sufficient to promote ectopic
Ma et al., 1998). Further gain-of-function studies of Ngn1 an@xpression ofX-Delta-1in frog (Ma et al., 1996). In mouse,
analysis of PNG homologs in zebrafish will be required tqNgn1 (Neurod3— Mouse Genome Informatics) expression
determine whether Ngnl activates a specific or generigrecedes that of Delta homoldglll, and in mice with a
neurogenic program. targeted deletion dfignl, Delta homolog expression is absent,
. at least in those regions that expridgsland notNgn2(Atoh4
Peripheral sensory neurons depend on Ngn1l — Mouse Genome Informatics) (Ma et al., 1998). Similarly, in
All zebrafish peripheral sensory neurons that we examinegur study,dla expression is reduced in the trigeminal ganglia
depend on Ngnl, in apparent contrast to mouse, in whichnd lateral neural plate domainsign1MO-injected embryos.
different subsets of peripheral sensory neurons depend qme persistent, low level expressiondi in these domains
different neurogenin homologs. Thus, we detected no DR@ay result from residual Ngn1 activity ign1 MO-injected
neurons in 4 dphgn1MO-injected embryos. In mouse, chick embryos, or activity of other neurogenin homologues.
and quail, there are two subsets of DRG neurons, distinguish@gternatively, upstream neural patterning genes may directly
by cell size, birth date, gene expression profile and sensopyducedla expression independently o§n1 Isolation of null

modality (Le Douarin and Kalcheim, 1999), and these subsetfutants ohgniwill be necessary to resolve these possibilities.
depend on distinchgn homologs (Ma et al.,, 1999). The

formation of zebrafish DRGs is not yet well described. If therdistinct episodes of Ngn1 activity specify RBs and
are two classes of DRG neurons present in 4 dpf zebrafish, thBfRG neurons
one zebrafismgn homolog would appear to perform the role Based on the activity of PNGs in flies, it seemed possible that
of the two mouse homologs. This is the opposite of th&Bs and DRG neurons could be two derivatives of a single
prediction made based on the presence of additional copies fnl-dependent precursor in the lateral neural plateD.In
many genes in zebrafish resulting from a presumed genomexelanogaster neuronal precursor cells transiently express
wide duplication event (Amores et al., 1998; Postlethwait ePNGs and most will subsequently generate many neurons in a
al., 2000). However, as many more DRG neurons are presespecific lineal order (Schmid et al., 1999). As RBs and DRG
in the adult than in the 4 day embryo, it is also possible thateurons both derive from precursors in the lateral neural plate,
additional DRG neurons that arise later may depend on oth#rey might be derived from a single Ngnl-dependent precursor.
ngnhomologs. However,ngnlis expressed in the position of DRG neurons,
Similarly, there are two classes of cranial sensory ganglia iwhile late derivatives of neuronal precursors in flies do not
mouse and chick, distinguished by placode versus neural crestpress PNGs. More significantly, our dye-labeling experiment
origin of their precursors and by proximal versus distal positiomeveals that although RBs and DRG neurons can be lineally
of the ganglia themselves (Le Douarin and Kalcheim, 1999Y)elated, there is no obligate lineage relationship between these
For the most part, the two classes depend on distincells, which would necessarily be the case if they both derived
neurogenin homologs (Fode et al., 1998; Ma et al., 1998jrom a single precursor. Together, these results provide evidence
Relatively little is known about the distal ganglia in zebrafishfor two episodes of Ngnl activity: one that directs some
although a new transgenic line facilitates visualizing them withateral neural plate precursors to become RBs, and a second,
GFP under control of thisl1 promoter (Higashijima et al., presumably later one that directs some neural crest cells, which
2000). It will be interesting to determine whether all zebrafistare also derived from neural plate precursors, to become DRG
cranial sensory ganglia dependrmml which would suggest neurons. This second episode may begin shortly after the first.
that one gene in zebrafish serves the role of two in mouse, orDoes Ngnl specify DRG neurons? If so, reduction of Ngnl
whether formation of other cranial sensory neurons depend @ttivity might cause DRG neuron precursors to adopt a
otherngnhomologs. different neural crest fate, for example, to become pigment
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cells, glia or autonomic neurons. We detected neither pigmeiote added in proof

cells nor Hu-positive neurons in the position of the DRG inExpression ohgn1RNA in DRG and a reduction of sensory
ngnl MO-injected embryos,_ indicating that if the Sensoryneurons in embryos injected withgnl MO has been
neuron precursors became plgment cells or autonomic ﬂeuromﬁjependenﬂy observed (J Ungos and D. Raib|e1 persona|
they did not remain in the DRG location. Given the evidencgommunication).
for Delta/Notch signaling in segregating neuronal and glial
fates in chick DRG (Morrison et al., 2000a; Wakamatsu et al., We thank James Weston and Charles Kimmel for critical reading of
2000), it will be particularly interesting to determine if DRG the manuscript, Bernard and Christine Thisse for stimulating
neurons become glial cells in Ngnl-deprived embryosc_iiscus_sions an_o_l cDNA constructs, the staff of the _University of Oregon
However, the paucity of markers of differentiated glia makegebrafish Facility for fish husbandry, and Marnie Halpern, Patrick
it impossible at present to identify glial cells, particularly inB;]?e‘i‘;rr’]Cg;"?o SRté“ﬂL‘z 22ﬁs?nofrl12n§r%elss f?gisbu’;%i(”gug’pg#g dagsnl\tllm
ggigfgingcxﬂgtnhsér %%eggﬁeuargily(?:scgﬁé ZZn;?)?)l/mr?edurszams-NSlOl-l-g and HD22486. Renovation and expansion of the UO
S brafish Facility supported by NIH RR11724, NSF 9602828, M. J.
precursors adopt another fate, or perhaps diegiml MO-  \iyrdock Charitable Trust and the W. M. Keck Foundation.
injected embryos.

Delta/Notch signaling promotes neural crest
formation by suppressing Ngn1 activity REFERENCES

S,ever,al recent gain'_Of'funC,tiO,n studies _indicate, that NOtCt&gduhr, E. (1922). Uber ein zentrales Sinnesorgan bei den VertebZaieschr.
signaling enhances differentiation of a variety of glial cell types "aAnat. Wntwicklungsges@s, 223-360.

in mice (Furukawa et al., 2000; Gaiano et al., 2000; Morrisomores, A., Force, A,, Yan, Y. L., Joly, L., Amemiya, C., Fritz, A, Ho, R.
et al., 2000b), thereby calling into question the prevailing K., Langeland, J., Prince, V., Wang, Y. L. et al(1998). Zebrafish hox

: : - clusters and vertebrate genome evolutiécience282 1711-1714.
model that Delta/Notch Slgnallng acts by preventing a"Antoni, N. R. E.(1930).Ueber Ruckenmarkstumoren and Neurofibrome Studien

differentiation  (reviewed by. We}ng anq_ Bar'res, 2000); zur patholgischen Anatomie and Embryognese (mit einem clinschen).
However, because transgenic mice deficient in Notch die Munchen: J. F. Bergmann.
before gliogenesis, it was not possible to demonstrate Appel, B. and Eisen, J. S(1998). Regulation of neuronal specification in the

i ; ; ; ; e i ; zebrafish spinal cord by Delta functiddevelopmeni25 371-380.
Irequ:jrg_rr_]ent f?]r DeIta/Nthchds_:jgnalm%_ln_ gllo_g(;)]n%SIS In Vlvoh'AppeI, B., Fritz, A., Westerfield, M., Grunwald, D., Eisen, J. S. and Riley,
n a_ ,'F'Q”: these studies di ) nOt_ ISthUIS etween t €. (1999). Delta-mediated specification of midline cell fates in zebrafish
possibilities that Delta/Notch signaling actively promotes the embryosCurr. Biol. 9, 247-256.
glial fate, or that it represses specific alternative fates, allowingppel, B., Korzh, V., Glasgow, E., Thor, S., Edlund, T., Dawid, I. B. and
other environmental cues to induce the inaI fate. Eisen, J. S(1995). Motoneuron fate specification revealed by patterned LIM

We have distinguished these possibilities in a cell type with QgraneObox gene expression in embryonic zebraiselopment 21, 4117-

a demonstrated requirement for Delta/Notch signaling: trunkjerkamp, C. and Campos-Ortega, J. A(1993). A zebrafish homologue of
neural crest. In the decision between RB and premigratory the Drosophila neurogenic gene Notch and its pattern of transcription during
neural crest, reducing Ngn1 function is sufficient to substitute early embryogenesislech. Dev43, 87-100.
for the Delta/Notch signal. Thus, it appears that Delta/Notcl§'ader P., Fischer, N., Gradwohl, G., Guillemont, F. and Strahle, U1997).

. - . - The activity of neurogeninl is controlled by local cues in the zebrafish
§|gna}llng does not instruct neu.ral crest formatlpn, but' r{:\ther embryo.Development 24 4557-4569.
inhibits Ngnl-mediated entry into neuronal differentiation.Bonnet, R.(1907).Lehrbuch der EntwicklungsgeschichBerlin: P. Parey.
How does reducing Ngnl lead to neural crest formation? Or®ay, S.(2000). Specificity and promiscuity among proneural protélesiron
possibility is that no other inductive cues are present at the timerﬁi*e tlzJ £ and Ghysen, A (1998). Deconstructing cell determination:
Ngnl 'f‘orma”.y .aCtS' S.O blOCkII_’lg Ngnl prevents precur;or@ proneural genes and neuronal idenipEssay<1, 313-318.
from differentiating until such time as neural crest-inducingcampos-Ortega, J. A.(1995). Genetic mechanisms of early neurogenesis in
signals appear. Alternatively, local cues may induce RBs if Drosophila melanogastéviol. Neurobiol.10, 75-89.
Ngn1l is present, or neural crest if it is not. In this scenarigzhan, rT M. 6;?:0' Jagy Y. m-(lgif_?)igcgggeg\éa;ion of neurogenic genes and

; : dnechanismsCurr. Opin. Neurobiol9, 582-588.

Ngnl_ n.]ay ‘.""Ct"’e'y repress neural crest, a testable hypOthe%Oé?fman, C. R., Skoglund, P., Harris, W. A. and Kintner, C. R.(1993).
that is inspired by the recent demonstration that neurogening, ession of an extracellular deletion of Xotch diverts cell fate in Xenopus
appears to actively suppress glial fates in cells from the ratembryoscCell 73, 659-671.
cerebral cortex (Sun et al., 2001). Cornell, R. A. and Eisen, J. S(2000). Delta signaling mediates segregation of

Although RBs are typicaIIy thought of as a population of neural crest and spinal sensory neurons from zebrafish lateral neural plate.

- ! . s evelopmeni27, 2873-2882.
cells unique to anamniotes such as fish and amphlblans, t}’]%'gnseifer, P., Takke, C. and Campos-Ortega, J. A1997). Overexpression

are numerous reports of similar appearing C_eIIS in _amniotesof a zebrafish homologue of the Drosophila neurogenic gene Delta perturbs

including reptiles (Kappers et al., 1936), rabbit and pig (Held, differentiation of primary neurons and somite developméech. Dev63,

1909), hedgehog and cow (Agduhr, 1922), gopher (Antoni, 159-171. , o o

1930), sheep (Bonnet, 1907) and human (Humphrey, 194ﬁ?de, C, _Gradwohl, G., Morin, X., Dierich, A, _LeMeur, M., Goridis, C

H h 1947 Vi 1944). | Id be intriqui and Guillemot, F. (1998). The bHLH protein NEUROGENIN 2 is a
umphrey, , Youngstrom, : ) tWOl.J e Intriguing determination factor for epibranchial placode-derived sensory neurons.

to learn more about these RB-like mammalian cells, becauseneuron20, 483-494.

these descriptions imply that similar mechanisms may beritzsch, B. and Northcutt, R. G. (1993). Cranial and spinal nerve

operating during specification of trunk crest in anamniotes and organizations in amphioxus and lampreys: evidnece for an ancestral craniate
. . - pattern.Acta. Anat.148 96-109.
amniotes, espeC|aIIy n “ght of the proposal that neural CreWg—turukawa, T., Mukherjee, S., Bao, Z. Z., Morrow, E. M. and Cepko, C. L.

Originated from an RB-like cell in the vertebrate precursor (2000). rax, Hesl, and notchl promote the formation of Muller glia by
(Fritzsch and Northcutt, 1993). postnatal retinal progenitor cellSeuron26, 383-394.



2648 R. A. Cornell and J. S. Eisen

Gaiano, N., Nye, J. S. and Fishell, G2000). Radial glial identity is promoted Melancon, E., Liu, D. W., Westerfield, M. and Eisen, J. 1997). Pathfinding

by Notchl signaling in the murine forebralteuron26, 395-404. by identified zebrafish motoneurons in the absence of muscle piodeers.
Haddon, C., Jiang, Y.-J., Smithers, L. and Lewis, J(1998a). Delta-Notch Neurosci.17, 7796-7804.

signalling and the patterning of sensory cell differentiation in the zebrafisiMetcalfe, W. K., Myers, P. Z., Trevarrow, B., Bass, M. B. and Kimmel, C.

ear: evidence from th@ind bombmutant.Developmeni 25 4637-4644. B. (1990). Primary neurons that express the L2/HNK-1 carbohydrate during
Haddon, C., Smithers, L., Schneider-Maunoury, S., Coche, T., Henrique, D. early development in the zebrafi§hevelopmeni10 491-504.

and Lewis, J.(1998b). Multiple delta genes and lateral inhibition in zebrafishMorrison, S. J., Csete, M., Groves, A. K., Melega, W., Wold, B. and

primary neurogenesifevelopmeni25 359-370. Anderson, D. J.(2000a). Culture in reduced levels of oxygen promotes
Hassan, B. A. and Bellen, H. J2000). Doing the MATH: is the mouse a good  clonogenic sympathoadrenal differentiation by isolated neural crest stem cells.
model for fly development@enes Devl4, 1852-1865. J. Neurosci20, 7370-7376.
Held, H. (1909). Die Entwicklung des Nervengewebes bei den WirbeltierenMorrison, S. J., Perez, S. E., Qiao, Z., Verdi, J. M., Hicks, C., Weinmaster,
Leipzig: J. A. Barth. G. and Anderson, D. J.(2000b). Transient Notch activation initiates an
Higashijima, S., Hotta, Y. and Okamoto, H.(2000). Visualization of cranial irreversible switch from neurogenesis to gliogenesis by neural crest stem cells.

motor neurons in live transgenic zebrafish expressing green fluorescent proteinCell 101, 499-510.
under the control of the islet-1 promoter/enhanteXeurosci20, 206-218. Nasevicius, A. and Ekker, S. C(2000). Effective targeted gene ‘knockdown’
Humphrey, T. (1944). Primitive neurons in the embryonic human central in zebrafishNat. Genet26, 216-220.

nervous systeml. Comp. Neuroi81, 1-45. Odenthal, J. and Nusslein-Volhard, C.(1998). fork head domain genes in
Humphrey, T. (1947). Intramedullary sensory ganlion cells in the roof plate area zebrafishDev. Genes EvoR08 245-258.
of the embryonic human spinal codd.Comp. Neurol333-399. Postlethwait, J. H., Woods, I. G., Ngo-Hazelett, P., Yan, Y. L., Kelly, P. D.,
Inoue, A., Takahashi, M., Hatta, K., Hotta, Y. and Okamoto, H.(1994). Chu, F., Huang, H., Hill-Force, A. and Talbot, W. S.(2000). Zebrafish
Developmental regulation of islet-1 mRNA expression during neuronal comparative genomics and the origins of vertebrate chromos@easme
differentiation in embryonic zebrafisbev. Dyn.199 1-11. Res.10, 1890-1902.
Jarman, A. P. and Ahmed, 1.(1998). The specificity of proneural genes in Rubinstein, A. L., Lee, D., Luo, R., Henion, P. D. and Halpern, M. §2000).
determining Drosophila sense organ identech. Dev76, 117-125. Genes dependent on zebrafish cyclops function identified by AFLP differential

Jarman, A. P,, Grau, Y., Jan, L. Y. and Jan, Y. N(1993). atonal is a proneural gene expression scre€benesi26, 86-97.
gene that directs chordotonal organ formation in the Drosophila peripher&uiz-Gomez, M. and Ghysen, A.(1993). The expression and role of a
nervous systenCell 73, 1307-1321. proneural gene, achaete, in the development of the larval nervous system of
Jiang, Y. J., Brand, M., Heisenberg, C. P., Beuchle, D., Furutani-Seiki, M., Drosophila.EMBO J.12, 1121-1130.
Kelsh, R. N., Warga, R. M., Granato, M., Haffter, P., Hammerschmidt, = Scheer, N., Groth, A., Hans, S. and Campos-Ortega, J. A2001). An
M. et al. (1996). Mutations affecting neurogenesis and brain morphology in instructive function for Notch in promoting gliogenesis in the zebrafish retina.

the zebrafish, Danio reri@evelopment23 205-216. Development28 1099-1107.
Kageyama, R. and Nakanishi, S(1997). Helix-loop-helix factors in growth  Schier, A. F., Neuhauss, S. C., Harvey, M., Malicki, J., Solnica-Krezel, L.,

and differentiation of the vertebrate nervous systeunr. Opin. Genet. Dev. Stainier, D. Y., Zwartkruis, F., Abdelilah, S., Stemple, D. L., Rangini, Z.,

7, 659-665. Yang, H. and Driever, W. (1996). Mutations affecting the development of
Kageyama, R. and Ohtsuka, T(1999). The Notch-Hes pathway in mammalian  the embryonic zebrafish braiDevelopmeni23 165-178.

neural developmenCell Res9, 179-188. Schmid, A., Chiba, A. and Doe, C. Q(1999). Clonal analysis of Drosophila
Kappers, C. U. A., Huber, G. C. and Crosby, E. C(1936).The Comparative embryonic neuroblasts: neural cell types, axon projections and muscle targets.

Anatomy of the Nervous System of Vertebrates, Including Niam York: Developmeni26, 4653-4689.

The MacMillan Company. Simpson, P.(1997). Notch signalling in development: on equivalence groups

Kim, C. H., Ueshima, E., Muraoka, O., Tanaka, H., Yeo, S. Y., Huh, T. L. and asymmetric developmental potentirr. Opin. Genet. DeV, 537-542.
and Miki, N. (1996). Zebrafish elav/HuC homologue as a very early neuronabtruhl, G., Fitzgerald, K. and Greenwald, I.(1993). Intrinsic activity of the

marker.Neurosci. Lett216, 109-112. Lin-12 and Notch intracellular domains in viv@ell 74, 331-345.

Kim, C. H., Bae, Y. K., Yamanaka, Y., Yamashita, S., Shimizu, T., Fujii, R.,  Sun, Y., Nadal-Vicens, M., Misono, S., Lin, M. Z., Zubiaga, A., Hua, X.,
Park, H. C., Yeo, S. Y., Huh, T. L., Hibi, M. and Hirano, T.(1997). Fan, G. and Greenberg, M. E(2001). Neurogenin promotes neurogenesis
Overexpression of neurogenin induces ectopic expression of HUC in zebrafish.and inhibits glial differentiation by independent mechanisbed. 104, 365-
Neurosci. Lett239 113-116. 376.

Kimmel, C. B. and Warga, R. M. (1987). Indeterminate cell lineage of the Takke, C., Dornseifer, P., Weizsacker, E. and Campos-Ortega, J. £999).
zebrafish embrydev. Biol.124, 269-280. her4, a zebrafish homologue of the drosophila neurogenic gene e(spl), is a

Kimmel, C. B., Hatta, K. and Eisen, J. S(1991). Genetic control of primary target of notch signalling>evelopmenti26 1811-1821.
neuronal development in zebrafifrevelopmenSuppl., 47-57. Tokumoto, M., Gong, Z., Tsubokawa, T., Hew, C. L., Uyemura, K., Hotta,

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B. and Schilling, Y. and Okamoto, H. (1995). Molecular heterogeneity among primary
T. F. (1995). Stages of embryonic development of the zebrddieh. Dyn. motoneurons and within myotomes revealed by the differential mRNA
203 253-310. expression of novel islet-1 homologs in embryonic zebréaiisk. Biol.171,

Korzh, V., Edlund, T. and Thor, S.(1993). Zebrafish primary neurons initiate =~ 578-589.
expression of the LIM homeodomain protein Isl-1 at the end of gastrulationtrevarrow, B., Marks, D. L. and Kimmel, C. B. (1990). Organization of
Development 18 417-425. hindbrain segments in the zebrafish embNeuron4, 669-679.

Korzh, V., Sleptsova, I., Liao, J., He, J. and Gong, Z1998). Expression of Wakamatsu, Y., Maynard, T. M. and Weston, J. A(2000). Fate determination
zebrafish bHLH genes ngnl and nrd defines distinct stages of neural of neural crest cells by NOTCH-mediated lateral inhibition and asymmetrical

differentiation.Dev. Dyn.213 92-104. cell division during gangliogenesiBevelopmeni27, 2811-2821.
Le Douarin, N. and Kalcheim, K. (1999). The Neural CrestCambridge: Wang, S. and Barres, B. A(2000). Up a notch: instructing gliogenesiguron
Cambridge University Press. 27, 197-200.
Lee, J. E.(1997). Basic helix-loop-helix genes in neural developm@untr. Wang, X., Chu, L. T., He, J., Emelyanov, A., Korzh, V. and Gong, 42001).
Opin. Neurobiol.7, 13-20. A novel zebrafish bHLH gene, neurogenin3, is expressed in the hypothalamus.
Ma, Q., Kintner, C. and Anderson, D. J.(1996). Identification of neurogenin, Gene275 47-55.
a vertebrate neuronal determination gedell 87, 43-52. Westerfield, M. (1993).The Zebrafish BoolEugene, OR: University of Oregon
Ma, Q., Chen, Z., del Barco Barrantes, |., de la Pompa, J. L. and Anderson, Press.
D. J. (1998). neurogeninl is essential for the determination of neuronalVestin, J. and Lardelli, M. (1997). Three noveNotch genes in zebrafish:
precursors for proximal cranial sensory gandiiauron20, 469-482. implications for vertebrat®otctgene evolution and functiobev. Genes

Ma, Q., Fode, C., Guillemot, F. and Anderson, D. J1999). Neurogeninl and Evol. 207, 51-63.
neurogenin2 control two distinct waves of neurogenesis in developing dors#lettstein, D. A., Turner, D. L. and Kintner, C. (1997). The Xenopus homolog
root gangliaGenes Devi3, 1717-1728. of Drosophila Suppressor of Hairless mediates Notch signaling during
Marusich, M. F., Furneaux, H. M., Henion, P. D. and Weston, J. A1994). primary neurogenesifevelopmeni24, 693-702.
Hu neuronal proteins are expressed in proliferating neurogenic dells. Youngstrom, K. A. (1944). Intramedullary sensory type ganglion cells in the
Neurobiol.25, 143-155. spinal cord of human embryak. Comp. Neurol81, 47-53.



