2555

Development 129, 2555-2563 (2002)
Printed in Great Britain © The Company of Biologists Limited 2002
DEV5017

Delta-Notch signaling induces hypochord development in zebrafish

Andrew J. Latimer, Xinhong Dong, Youlia Markov and Bruce Appel*
Department of Biological Sciences, Vanderbilt University, Nashville, TN 37232, USA

*Author for correspondence (e-mail: b.appel@vanderbilt.edu)

Accepted 15 March 2002

SUMMARY

Different cell types that occupy the midline of vertebrate
embryos originate within the Spemann-Mangold or
gastrula organizer. One such cell type is hypochord, which
lies ventral to notochord in anamniote embryos. We show
that hypochord precursors arise from the lateral edges of
the organizer in zebrafish. During gastrulation, hypochord
precursors are closely associated witmo tail-expressing

expression in presumptive hypochord precursors and for
hypochord development. Conversely, ectopic, unregulated
Notch activity blocked no tail expression and promoted

herd expression. We propose that Delta signaling from
paraxial mesoderm diversifies midline cell fate by inducing

a subset of neighboring midline precursors to develop as
hypochord, rather than as notochord.

midline precursors and paraxial mesoderm, which
expressegieltaCand deltaD. Loss-of-function experiments
revealed that deltaC and deltaD were required for her4

Key words: Delta, Notch, Notochord, Hypochord, Midline, Fate map,
Zebrafish, Gastrulation

INTRODUCTION 1995; Melby et al., 1996) and functional analysesaftall
(ntl), which encodes a T-box transcription factor homologous
During vertebrate development dorsally located cells, knowito mouse Brachyury, had indicated that Ntl mediates a choice
as the gastrula or Spemann-Mangold organizer, provide lzetween notochord and floor-plate fates (Halpern et al., 1997).
source of signals that induce embryonic axis formation. AfteAs gastrula stage zebrafish embryos express Delta and Notch
gastrulation, cells that originated within the organizer occupgenes (Bierkamp and Campos-Ortega, 1993; Dornseifer et al.,
the midline of all three germ layers: floor plate of ventral neural997; Westin and Lardelli, 1997; Haddon et al., 1998; Appel
tube, mesodermal notochord ventral to neural tube and dorsatl al., 1999), we hypothesized that Delta-Notch signaling
endoderm (Spemann, 1938; Schoenwolf and Sheard, 199uring gastrulation regulates specification of zebrafish midline
Selleck and Stern, 1991; Gont et al., 1993; Catala et al., 1998recursors for notochord, floor-plate and hypochord fates by
Wilson and Beddington, 1996). Also at the midline ofregulatingntl expression.
anamniote embryos, such as axolotls, frogs and fish, areWe present tests of hypochord specification. By fate
hypochord cells, which form a single row directly ventral tomapping, we found that hypochord precursors arise from the
notochord (Lofberg and Collazo, 1997; Cleaver et al., 20002dge of the shield, which is the zebrafish gastrula organizer.
Eriksson and Lofberg, 2000). Midline cells are an importanThese cells are closely associated with cells that become either
source of signals that pattern nearby tissues subsequent to axigochord or slow muscle but not floor plate. Presumptive
formation. For example, notochord and floor plate secrethypochord precursors exprasstch5andher4, a Notch target
Sonic hedgehog (Shh), which patterns ventral neural tube aggne, during gastrulation. Initially, afler4-expressing cells
somites (Tanabe and Jessell, 1996; Stickney et al., 2000), aexpresstl, which marks midline precursors, but later they do
hypochord cells secrete VEGF, which appears to be requiretbt. This raises the possibility that hypochord precursors
for dorsal aorta formation (Cleaver and Krieg, 1998). Thus, aemerge from thentl-positive midline precursor population.
important step toward understanding vertebrate development@ells that expressier4 are close to cells of the paraxial
understanding the mechanisms that specify midline cells. mesoderm, which expreskeltaC (dic) anddeltaD (dld), and

In zebrafish, development of midline cells requires the Deltéoss-of-function experiments show ttidé, did anddla, which
ligand-Notch receptor signaling system. Specifically, embryogastrulating embryos uniformly express, are redundantly
with a mutation ofdeltaA (dla), one of four known zebrafish required forherd expression and hypochord development.
Delta homologs, have a deficit of floor-plate and hypochordrinally, we show that unregulated Notch activity inhibits
cells and excess notochord cells; by contrast, overexpressierpression. We propose that cells at the lateral edges of the
of dla blocked notochord development and produced excessidline precursor domain can develop either as notochord or
floor-plate and hypochord cells (Appel et al., 1999). Fatdwypochord, and that hypochord development is induced by
mapping had shown that notochord and floor-plate precursoBelta ligands expressed by neighboring paraxial mesoderm
are close together in the zebrafish organizer (Shih and Frasee|ls.
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MATERIALS AND METHODS dilutions of 2.5-5.0 mg/ml were made usingDhnieau solution and
approximately 5 nl injected into one- to two-cell stage embryos
Embryos collected from matings of wild-type @ei*R33+ fish using a pressure

Embryos were collected from single pair matings and raised at 28.5e@jector (Applied Scientific Instruments, Inc.). Injected embryos were
in embryo medium (15 mM NaCl, 0.5 mM KCI, 1 mM CaCl mM fixed at yolk-plug closure, three-somite stage or 24 hpf in 4%
MgSQy, 0.15 mM KHPQu, 0.05 mM NHPQs, 0.7 mM NaHCQ) paraformaldehyde, and were processed for in situ RNA hybridization.
and staged according to hours postfertilization (hpf) andSynthetic mRNA encoding the intracellular domairkehopus laevis
morphological criteria (Kimmel et al., 1995). Thei mutant allele ~ Notchl fused to the Myc tag (NICDMT) (Wettstein et al., 1997) was
we used, originally designatei™233 (van Eeden et al., 1996) and produced from a construct kindly provided by Chris Kintner using the
redesignatechei”R33 creates a stop codon within the fifth EGF-like MMessage Machine kit from Ambion. Approximately 5 nl mRNA at

repeat ofdld (Holley et al., 2000). 100 ngful was injected into a single pell of.eight-cell stage embryos.
To make a construct for heat-shock induction of NICDMT, we moved
Cell labeling coding sequence from our mRNA expression plasmid and fused it to

We injected one- to four-cell stage zebrafish embryos with a 29#1e zebrafish heat shock 70 promoter (Shoji et al., 1998) in pBluescript
solution of DMNB-caged fluorescein dextran (Molecular Probes) irRnd injected approximately 5 nl of the resulting plasmid gugi!

1x Danieau solution. Injected embryos were maintained in the darl the blastodisc of one-cell zygotes. Injected embryos were raised at
at 28.5°C in embryo medium until shield stage. Embryos wer&8.5°C until shield stage, and subjected to three cycles of 37°C for 15
dechorionated with watchmaker’s forceps and mounted in 2% methyinutes followed by 28.5°C for 45 minutes. After the end of heat
cellulose on bridged slides with the dorsal side of the embryos facinghock cycles, the embryos were raised at 28.5°C until yolk plug
upwards. The dye was photoactivated in three to five cells using 5-1osure stage and fixed in 4% paraformaldehyde.

second pulses of 365 nm light (Serbedzija et al., 1998) generated by

a Photonics Micropoint Laser System focused usingxaoffective
mounted on a Zeiss Axiskop. Dye activation was confirmed usingeESULTS

epifluorescence optics. Labeled embryos were maintained at 28.5°C .

until 24 hpf, at which time the fates of the labeled cells werddypochord cells originate at the lateral border of the
determined by examining living embryos with a compoundmidline precursor domain

microscope. Images were obtained using a Hammamatsu Orca CqRevious fate maps revealed that zebrafish floor-plate and
camera. Embryos selected for histochemical analysis were fixed in 4ptochord precursors arise from the embryonic shield, which
paraformaldehyde. is centered on the dorsal margin of gastrula stage embryos
In situ RNA hybridization and immunohistochemistry (Shih and Fraser, 1995; Melby et al., 1996). However, trunk

Previously described probes include those rfotch5 (Westin and ~ nyPochord precursors have not been placed on any fate map.
Lardelli, 1997) notchla(Bierkamp and Campos-Ortega, 19984  T0 identify the location of hypochord precursors, we labeled
(Takke et al., 1999)nyod(Weinberg et al., 19960t (Schulte-Merker ~ cells near the margin of shield-stage embryos by
et al., 1994)dld anddlc (Haddon et al., 1998)0l2al(Yan et al., photoactivating caged fluorescein. Single labeled cells near
1995), andsl1 (Appel et al., 1995). In situ RNA hybridization was the dorsal midline margin produced notochord, whereas
performed essentially as described (Hauptmann and Gerster, 20Qusters of labeled cells centered a few cell diameters farther
Jowett, 2001). For double labeling, best results were obtained kyom the dorsal midline margin gave rise to notochord, floor-
staining with BCIP/NBT (Roche Diagnostics) first, followed by niate and ventral neural tube cells, and, occasionally, tail
staining with BCIP/INT (Roche Diagnostics). To convert the@lpochord (data not shown). These observations are

fluorescent signal in photoactivated embryos to a blue precipitate, t . \ - } )
embryos were incubated with alkaline phosphatase-conjugated an onsistent with published fate maps (Shih and Fraser, 1995;

fluorescein antibody (Roche Diagnostics) at 1:10,000 dilutionVelby et al., 1996). We labeled trunk hypochord cells only
followed by staining with BCIP/NBT. Slow muscle cells were When we photoactivated clusters of approximately three to five
detected by incubating embryos with monoclonal F59 antibody (gifeells at the margin about 15 cell diameters away from the
of Frank Stockdale) at 1:10 dilution, followed by incubation with dorsal midline, at the edge of the shield (Fig. 1A,B). Labeled
Alexa Fluor 568 goat anti-mouse IgG conjugate (Molecular Probesgell clusters that produced only hypochord cells were rare.
at 1:200 dilution. Myc expression was detected using monoclonahstead, we usually observed the following cell types
I_O"t‘))""e? .by) gotat lagézm%‘?f?. Ithh(Jackston t'm{jﬂunoR_eseifC otochord, hypochord and muscle, hypochord, notochord and
aboraiories) at L. fution, then  streptavidin-conjugaledy, ;seie  notochord and muscle, or only notochord or muscle
peroxidase (Jackson ImmunoResearch Laboratories) at 1:10 able 1). We sectioned some 24 hour post fertilization (hpf)

Peroxidase activity was used to produce a brown precipitate in fl .
presence of Fast IgAB (Sigma). P precip embryos that contained labeled hypochord and muscle cells

Embryos for sectioning were embedded in 1.5% agar/5% sucrog@d found that labeled muscle cells were always at the lateral
and frozen in 2-methyl-butane chilled by liquid nitrogen. Sections (1@dge of the somite (Fig. 1C), in the position of slow muscle
um) were obtained using a cryostat microtome. cells (Devoto et al., 1996). We confirmed that these cells were

Whole-mount embryos were cleared in methanol, mounted in 75%|low muscle by labeling with F59 antibody (Fig. 1D), which
glycerol and photographed with a Spot digital camera (Diagnostifjentifies zebrafish slow muscle (Devoto et al., 1996). Slow
Instruments) mounted on a compound microscope. Images ¢fyscle cells arise from adaxial cells, which are next to
sectioned material were also obtained with the Spot camera. notochord during gastrulation and early segmentation stages

Antisense morpholino oligonucleotide, DNA and RNA (Devoto et al., 1996). We conclude that hypochord precursors
injections are closely associated with notochord and slow muscle
Morpholino antisense oligonucleotides (Gene Tools, LLCjika(5-  Precursors and not with floor-plate precursors in shield stage

CTTCTCTTTTCGCCGACTGATTCAT-3 and dic (5-AGCACG- embryos.
TAATAAAACACGAGCCAT-3') were resuspended in water. Working  We have begun to follow the movements of labeled
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Fig. 1.Hypochord precursors are closely associated
with notochord and muscle precursors near the edge {
the shield. (A) View of dorsal margin region of 6 hpf
(shield stage) embryo. Caged fluorescein was
photoactivated in a cluster of three to five cells near th
margin (broken black line) and centered about 15 cell
diameters from the dorsal midline (broken white line).
(B) Side view of trunk region of living embryo at 24
hpf showing labeled hypochord (hc) and notochord (n¢
cells. Floor-plate (fp) cells were not labeled.
(C) Transverse section of 24 hpf embryo in which the
photoactivated fluorescein signal was converted to a
blue precipitate. Hypochord, muscle (mu) cells near tl
periphery of the myotome and periderm (asterisk) were
labeled. The periderm precursors were enveloping layde
cells that were above the hypochord and muscle
precursors at the time of photoactivation.

(D) Transverse section of 30 hpf embryo labeled with
F59 antibody to reveal slow muscle cells (red).
Hypochord (green) and three slow muscle cells (yellow,
arrows) were labeled by photoactivated fluorescein.

(E) Dorsal view, anterior towards the top, of 9.5 hpf -
living embryo. Cells labeled by photoactivated /
fluorescein (green) are next to notochord cells (between

arrows). Scale bar: 20m for all panels. hc

hypochord precursors during gastrulation from their startingositive cells are next to adaxial cells, marked rbyod
positions at the edge of the shield to their final positiongxpression (Fig. 2F,G). We never observed cells that express
directly beneath the notochord. Within 1 hour ofboth notch5and myodor her4 and myod.Cells that express
photoactivation, the cells of the polyclones began to béer4andnotch5also were closely associated witth-positive
distributed in the anterior-posterior axis (data not shown). Bynidline precursors (Fig. 2H-K). Posteriorly, &ker4-positive

3 hours after photoactivation, near the end of the gastrula stagells expresatl (Fig. 21). More anteriorly somker4-positive

the labeled cells formed a row next to notochord, which couldells expressitl but others do not (Fig. 2J). Similarly, some
be identified by morphology (Fig. 1E). Sometimes notochorahotch5positive cells expresstl, whereas others do not (Fig.
cells were also labeled. Labeled hypochord cells moved belo2K). The similarity of her4 and notch5 RNA distribution
notochord by about 11-11.5 hpf (data not shown). We concludadicated that the same cells might express these genes, which
from our fate-mapping observations that hypochord precursorge confirmed by double labeling (Fig. 2L).

originate between notochord precursors and adaxial cells, andOne interpretation of our data is that sonteexpressing

migrate to their final positions below the notochord. cells at the lateral edges of the midline precursor domain
initiate notch5andher4transcription and that, later, these same

Presumptive hypochord precursors express ~ notch5 cells downregulatetl. Based on our fate map data described

and her4 above, we predict that these cells are hypochord precursors.

Cells bordering the posterior dorsal midline of mid and lateConsistent with this prospect, after gastrula stage, by 11.5 hpf,
gastrula stage embryos expresstch5 and herd (Westin  notch5 andher4-expressing cells occupy a single row ventral
and Lardelli, 1997; Takke et al., 1999) (Fig. 2A-D). Theto notochord, where hypochord cells differentiate (Fig. 2M and
distribution of these cells is similar to the distribution ofdata not shown).

hypochord precursors as they move towards the dorsal midline The coincident expression nbtch5andher4is consistent
(see above). To investigate the identity of cells that expresgith the possibility that Notch5 activity promotdser4
notch5 and her4, we examined sectioned material from expression. However, we detéetr4 RNA at the same time or,
embryos hybridized with RNA probes. Sagittal and transversperhaps, slightly earlier thanotch5 RNA. Midline cells
sections of 9.5 hpf embryos at the end of the gastrula stagapress at least two otheotch genes,notchlaand notchlb
showed that deep mesendodermal cells, close to the yoliBierkamp and Campos-Ortega, 1993; Westin and Lardelli,
expressnotch5 and her4 (Fig. 2E-G,I-L). her4 or notch5 1997) (Fig. 2N). This observation opens the possibility that

Table 1. Fates of cells labeled as clusters at the edge of the embryonic shield

Hypochord
Hypochord Hypochord Hypochord and notochord Notochord Notochord Muscle Total
only and notochord and muscle and muscle and muscle only only embryos
6% 9% 16% 14% 6% 33% 17% 70

Caged fluorescein was photoactivated in clusters containing three to five cells located at the embryonic margin of shietdystagel® cell diameters
from the dorsal midline. Embryos were analyzed at 24 hpf for presence of labeled hypochord, floor-plate, notochord antismisclabeded floor-plate cells
appeared in these polyclones. Percentages indicate fraction of polyclone labels that produced the cell types in each category.
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Fig. 2. Presumptive hypochord
precursors expres®tch5andher4
(A,B) Dorsal views, anterior towarc
the top, of 8.5 hpf (A) and 9.5 hpf
(B) embryos probed farotch5
expression. Cells near the dorsal

" F

— - e

midline expressiotch5(arrows). Y _hu;_'
(C,D) Dorsal views, anterior towarc

the top, of 8.5 hpf (C) and 9.5 hpf :
(D) embryos probed fdrer4 notch5 notch5 herd her4

expression. Cells near the dorsal F

midline expres$er4 (arrows). - _{.

(E) Sagittal section, anterior towart r’ r\‘!- 1‘*‘%\ ,,.

the left, of 9.5 hpf embryo probed 1 herd + myod no@h5+ myo

notch5expression. Deep
mesendodermal cells expresstch5 H
(arrows). (F) Transverse section of

9.5 hfp embryo probed fdrer4

i{“

(blue, arrows) anthyod(red) her4 ';L-"f'?ﬂ J _ her4+ nil { ﬂm‘chS-l- Hﬂ
expression. Adaxial cells, marked L

myodexpression, do not express \' ’

her4 (G) Transverse section of 10 - ﬂm\h "
hpf embryo probed fanotch5(blue, _ - "" g I Y
arrows) andnyod(red) expression.  herd + ntl notchS + herd 1| notchla s .{ __|
myodpositive adaxial cells do not ; nc' '
expressiotchs (H) Dorsal view, he;4' : Q =27 ~

anterior towards the top, of 9.5 hpf

embryo probed foner4 (blue) andntl (red) expression. Broken lines indicate approximate positions of transverse sections shown in 1,J.
(1,J) Transverse sections of 9.5 hpf embryo probeti¢os (blue) andntl (red) expression. (I) Posterior transverse section with several double-
labeled cells (arrows). (J) Anterior transverse section in whictherfepositive cell expressegl (arrow) whereas two others do not.

(K) Transverse section of 9.5 hpf embryo probedfatch5(blue, arrows) andtl (red) expression. Theotch5positive cell on the right
expressestl whereas the one on the left does not. (L) Transverse section of 9.5 hpf embryo proléchfi{blue) andher4expression. Cells
bordering the midline express both genes (arrows). (M) Transverse section of 11.5 hpf embryo phelydexpression. A single hypochord
cell (arrow), ventral to notochord (nc), and neural keel (nk) cells expriesskegN) Transverse section of YPC stage embryo probed for
notchlaexpression. Many dorsal mesoderm cells expnetshla Scale bar: 10Qm for A-D,H; 50um for E; 25um for I-N.

multiple Notch receptors promotderd transcription in  Notch signaling in hypochord specification. Previously, we
presumptive hypochord precursors. showed that dla®2 mutant embryos, with incomplete

Taken together, our data indicate that hypochord precursopenetrance and variable expressivity, had fewer hypochord
arise at the lateral edges of tittexpressing midline precursor cells than wild-type embryos (Appel et al., 1999). Likewise,
domain and that similarly positionedotch5/herdpositive  aet*R33mutant embryos, which laakd function (Holley et al.,
presumptive  hypochord precursors downregulatl 2000), have an incompletely penetrant and variable reduction
expression. These observations raise the possibility thaf hypochord cell number (Fig. 4B; Table 2). We do not know
hypochord cells originate al-expressing midline precursors. of adlc mutation, thus, we injected wild-type embryos vdtt

) antisense morpholino oligonucleotides (MO) to interfere with

deltaD and deltaC-expressing cells border dic translation (Heasman et al., 2000; Nasevicius and Ekker,
presumptive hypochord precursors 2000). On average, injected embryos also had fewer hypochord
Gastrulation stage zebrafish embryos express three of fooells than uninjected embryos (Fig. 4C; Table 2). These data
known Delta genes. During mid and late gastrulation stagegaise the possibility that Delta genes are functionally redundant
embryos expresdla uniformly, except for a few cells near the for hypochord development. To test this, we injected embryos
dorsal midline margin that transiently expreis at elevated produced by intercrosses of heterozygaaéR33adults with
levels (Appel et al., 1999). By contrast, paraxial mesoderm, batpproximately 25 ngllc MO, a dose that did not produce
not axial mesoderm, strongly expresdiesanddld (Dornseifer  morphological defects when injected into wild-type embryos
et al., 1997; Haddon et al., 1998) (Fig. 3A-F). Double labelinddata not shown). At 24 hpf, injected homozygaes*R33
experiments showed thatlc and dld-expressing cells are mutant embryos were identified by the somite defect that
adjacent tantl-positive midline precursors (Fig. 3G,H and dataresults from loss afld function (van Eeden et al., 1996; Holley
not shown). Additionally, we found thatc-positive cells are et al.,, 2000). Very few hypochord cells developed in
next to her4-expressing cells (Fig. 3l). This raises thehomozygousaei*R33mutant embryos injected witdlc MO
possibility thather4 expression is induced by DeltaC and (Fig. 4D; Table 2). This result supports the idea thatand
DeltaD ligands expressed by neighboring paraxial mesoderdid have redundant functions in hypochord development.

cells. Within the sibling embryos, we could identify two classes;
o ) _ approximately one-third had hypochord defects similar to
Hypochord specification requires  delta functions wild-type embryos injected withdlc MO, whereas

We used loss-of-function strategies to test the role of Deltapproximately two-thirds had hypochord phenotypes
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Fig. 3. Paraxial mesoderm cells ne
to midline precursors expredk
anddld. (A,B) Dorsal views, anterit
towards the top, of 8.5 hpf (A) anc
9.5 hpf (B) embryos probed fdid
expression. Cells at the dorsal
midline (arrows) do not expredtd.
(C,D) Dorsal views, anterior towar:
the top, of 8.5 hpf (C) and 9.5 hpf
(D) embryos probed fatlc
expression. Similar tdld, dorsal
midline cells (arrows) do not expre
dlc. (E,F) Transverse sections of 9
hpf embryos probed fatld (E) and
dlc (F) expression. Paraxial
mesoderm expressdkl anddlc,
whereas midline (flanked by arrow:
and ectoderm (asterisks) do not.
(G) Dorsal view, anterior towards tt
top, of 9.5 hpf embryo probed fdic
(purple) anchtl (red) expression.
(H) Transverse section of 9.5 hpf
embryo probed fodlc (blue) andhtl
(red) expression. In both G and H,

dlc-expressing paraxial mesoderm dlc +
bordersntl-positive midline ” *' L
precursors (arrows). (I) Transverse ? / f -k

section of 9.5 hpf embryo showihgr4-positive cells (red, arrows) adjacenidio- d)c ‘f h j
expressing cells (blue, arrows). Scale bar: l@0for A-D,G; 20um for E,F,H,I. er
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intermediate to wild-type and homozygomsi*R33 mutant  hypochord precursors requires Delta functions, we injected
embryos injected witdlc MO (data not shown). We speculate embryos produced by heterozygaes*R33adults withdlc MO
that these two classes represent homozygous wild-type aadd examined them at 9.5 hpf. Of 49 embryos probeleia
heterozygousaei*R33 mutant embryos, respectively. We also 17 (35%) had substantially fewber4-expressing cells (Fig.
tested loss odlla function by MO injection. We observed only 4F) and 11 (22%) had nber4expressing cells (Fig. 4G).
small gaps in the hypochords of some of the wild-type embryoBhese data indicate that DeltaC and DeltaD ligands promote
injected withdla MO (Table 2). Howeveraei*R33 mutant  her4 expression. By contrast, all injected embryos expressed
embryos injected withlla MO had fewer hypochord cells than notch5normally (Fig. 4E) indicating thatotch5expression by
uninjectedaei*R33 mutant embryos (Table 2). Therefotda  presumptive hypochord precursors does not require DeltaC and
function also may contribute to hypochord development. ThedeeltaD. Taken together with our expression pattern data, these
data support the possibility that paraxial mesoderm expressiaipservations provide strong evidence that DeltaC and DeltaD,
of dld and dic and uniform expression oflla promote expressed by adaxial cells, indudeerd4 expression in
hypochord development. neighboring midline precursors during gastrulation, specifying
We have identifiedher4expressing cells as hypochord them for hypochord fate.
precursors and Notch activity regulates4expression (Takke To test the specificity of our MO effects we examined
et al.,, 1999). To test iher4 expression by presumptive primary neurogenesis. Neural plate cells exptdasand did
but notdlc (Dornseifer et al., 1997; Appel and Eisen, 1998;
Haddon et al., 1998)dla®2 mutant embryos have a large
excess of primary neurons, perhaps because of the dominant
negative nature of the allele (Appel et al., 1999; Appel et al.,

Table 2. Effect of loss of Delta functions on hypochord
development

Genotypeand % Embryos with Average number  2001).ae*R33mutant embryos have only a small increase in
antisense morpholino reduced hypochord of hypochord cells o number of primary neurons (Holley et al., 2000) (Fig. 41).
Wild type 0% (=10) 43 Twenty-four percent of embryos (22/90 embryos) produced
aerlael. o E;éég > 323'883 by an intercross ofaerR33+ adults and injected with
aeffaet- dic MO 100% (=19) 3 £<0.001) a'pp'roximately 25 ngllc MO had primary neuron phenotypes
wt: dla MO 6% (1=52) 37 P<0.06) similar to uninjectedae®R33 homozygous mutant embryos
aei/aer; dlaMO 91% (=11) 11 £<0.001) (Fig. 4J). Thus, reduction daflc function did not appear to

enhance the neural phenotype produced by lodisl ffinction,
Embryos were injected with approximately 25digor 5 ngdla antisense P ypep y

morpholino oligonucleotide (MO). Hypochord was analyzed in 24-26 hpf |n_d|cat|ng that th,EdIC MO did not interfere, nor)s_pec.lflcally,
embryos hybridized witkol2alprobe.n, the total number of embryos with neurogenesis. By contrast, we found that injectiodl®f

analyzed for each experiment. Hypochord cells were counted between MO produced excess primary neurons in a dose-dependent
somites 1 and 1P values are based on analysis of 9-11 embryos, comparedmanner when injected into wild-type embryos (data not
with wild type, for each experiment. shown). Injection of approximately 5 rifa MO, which did
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Fig. 4. Delta functions are required fi
hypochord development. (A-F) Side
views, anterior towards the left, of th
trunk region of 24-26 hpf embryos
probed forcol2alexpression to mark
floor-plate (fp) and hypochord (hc)
cells. (A) Wild-type embryo showing
the normal pattern of floor-plate and
hypochord cells. (B) Homozygous
mutantae#*R33embryo with a deficit ¢
hypochord cells. Floor plate appeare
normal. (C) Wild-type embryo injecte
with dlc antisense morpholino
oligonucleotides (MO). Hypochord
cell number was reduced, whereas
floor plate appeared normal.

(D) Homozygous mutarge*R33
embryo injected withlllc MO. Most
hypochord cells were absent, where
floor plate appeared normal.

(E-G) Dorsal views, anterior towards
the top, of 9.5 hpf embryos from
aet*R33+ intercross injected wittic
MO. notch5expression was normal
(E), wherea$ier4expression was
reduced (F) or absent (G) (compare
with Fig. 2D). Embryos in F,G were
double-labeled to revepbx2.1
expression in pronephros (asterisks’
which was normal. (H-K) Dorsal
views, anterior towards the top, of 1(
hpf embryos probed fasl1 expressiol
to reveal prospective Rohon-Beard
(RB) neurons and primary
motoneurons (pmn). (H) Wild-type,
uninjected embryo. (hefR33mutant
embryo showing small increase in tf
number of prospective primary
motoneurons and RBs. (J) Embryo frae?*R33+ intercross injected wittllc MO. The neural phenotype is similar to that of the uninjected
aet*R33mutant embryo shown in 1. (K) Embryo frome*R33+ intercross injected wittlla MO. The number of prospective primary
motoneurons and RB cells was greater than the embryos shown in I,J. Scalgdbain20D; 80um in E-K.

notchs
H

isit isi1 isl1 st e w

not cause a strong neural phenotype in wild-type embryod4997) fused to the Myc tag (NICDMT). This resulted in
greatly enhanced the neural phenotypeaefR33 mutant embryos that had ligand-independent Notch activity in some
embryos (17/74 embryos; 23%) (Fig. 4K). As tle anddlc  but not all cells. Of 57 injected embryos, 44 had numerous cells
MO phenotypes correlate with trela and dic expression that expressed NICDMT, identified by staining for the fused
patterns, we conclude that the MO effects are specific to theilyc epitope. Many of these cells expres$ent4 (data not

intended targets. shown). Analysis of sectioned embryos revealed that
) ) ) o NICDMT-positive cells ectopically expresséér4 (Fig. 5A).

Notch signaling represses ntl expression by midline We never saw ectopher4-expressing cells that did not express

precursors NICDMT, indicating that Notch induction dfer4 expression

One interpretation of our results is that Delta signalingjs cell autonomous. Next, we injected one cell of eight-cell
primarily from paraxial mesoderm, to midline precursorsstage embryos with synthetic mRNA encoding NICDMT,
expressing Notch receptors inhibitstl expression and raised the embryos to the end of the gastrula stage and probed
promotesher4 expression, consequently instructing these cell$or ntl expression. Twenty-two of 116 (19%) injected embryos
to develop as hypochord. We tested this by expressing lead midline cells that expressed NICDMT,; thitkexpression
constitutively active form of Notch. To perform thesedomain was reduced in each of these indicating that
experiments, we found it necessary to limit the number of cellsnregulated Notch activity in midline precursor cells inhibits
that expressed constitutively active Notch so that embryostl expression (Fig. 5B,C). Tissue sections revealed that
would develop fairly normally. First, we confirmed and NICDMT-positive midline cells did not expressl, whereas
extended a previous observation that Notch activity promoteseighboring cells did (Fig. 5D), indicating that Notch activity
herd expression (Takke et al., 1999) by using a heat shocgell autonomously inhibitsitl expression. Together, these
promoter (Shoji et al., 1998) to express during gastrulation abservations show that Notch activity can inhitlitexpression
constitutively active form oK. laevis NotchIWettstein et al., and promoteher4 expression, consistent with our hypothesis
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Fig. 6. Model for Delta-Notch-mediated induction of hypochord fate.
At early gastrula stagetl-expressing midline precursors occupy the
dorsal margin. During gastrulation, Delta signaling, primarily from
paraxial mesoderm expression of DeltaD and DeltaC, indice
positive midline precursors to expréss4. These cells downregulate
ntl expression and, after completion of gastrulation, migrate beneath
notochord to form hypochord.

Delta-Notch signaling during gastrulation mediated cell fate
decisions made by midline precursors. However, because we
did not know the exact spatial relationships of midline
precursors, we could not determine the mechanisms by which
Delta-Notch signaling mediated midline cell specification. We
have considered two broad possibilities. First, midline
precursors might have equivalent developmental potential.
Delta-Notch signaling between neighboring cells might, in a
process called lateral specification (Artavanis-Tsakonas et al.,
1995; Greenwald, 1998), cause midline precursors to take
different fates. An example of this type of mechanism is
specification of the anchor cell and ventral uterine precursor
cell during formation of theCaenorhabditis elegangonad

expression. (A) Transverse section showing lateral region of 9.5 hpf(Seydoux and Greenwald, 1989). In this case, we would expect

embryo in which NICDMT expression was induced during
gastrulation. Some cells that expressed NICDMT (brown) also
expressedther4 (blue, arrows). (B,C) Dorsal views, anterior towards
the top, of 9.5 hpf embryos labeled fdf (blue) and NICDMT
(brown) expression. These embryos were injected with mMRNA
encoding NICDMT in a single cell at the eight-cell stage.

(B) Embryos in which NICDMT-positive cells were restricted to
ventrolateral regions (asterisks). Midline cells expressiaabrmally

zebrafish midline precursors to be intermixed. Second, midline
precursors might be induced to develop differently by Delta-
Notch-mediated signals from a separate cell population, similar
to the way that equivalent blastomeres are specified for
different fates by signaling from a nonequivalent blastomere in
C. elegangMickey et al., 1996). We would predict that midline

precursors that produce different cell types occupy distinct

(arrows). (C) Embryos in which NICDMT-expressing cells occupied POsitions relative to the source of inductive signal. Our results

the dorsal midline region. These embryos had fewer midline cells
that expressedtl (arrows). (D) Transverse section through dorsal
midline region of 9.5 hpf embryo treated as embryos described in
B,C. Two NICDMT-positive cells (brown, arrows) occupied the
notochord precursor domain but did not exprekélue), whereas
neighboring cells expressetl normally. Scale bar: 20m in A,D;
120pum in B,C.

from a combination of fate mapping, gene expression pattern
analyses and tests of gene function lead us to favor the latter
mechanism for specification of hypochord cells in zebrafish.

Specifically, we propose that, during gastrulation, high levels

of Delta signals from paraxial mesoderm induce neighboring

midline precursors to develop as hypochord cells, whereas
nearby midline precursors not exposed to high levels of Delta
signals develop as notochord (Fig. 6).

that Delta-Notch signaling induces a subset of midline

precursors to develop as hypochord.

DISCUSSION

Zebrafish hypochord precursors arise from the

lateral edge of the shield

Our data indicate that hypochord precursors are not intermixed
with other precursors throughout the shield but occupy a
distinct domain at the lateral edges of the shield. When we

We have shown previously thala mutant embryos have labeled small clusters of cells at the lateral edge of the shield,
excess notochord cells and deficits of floor-plate andhose that gave rise to hypochord often also produced

hypochord cells, whereas wild-type embryos injected dligh

notochord and/or slow muscle. Rarely, if ever, did these

mRNA have fewer notochord cells and excess floor-plate angblyclones also comprise floor-plate and other ventral neural
hypochord cells (Appel et al., 1999). We hypothesized thatells, fast muscle cells or endoderm. By contrast we never
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observed trunk hypochord cells in polyclones that originatedtlea thatdlc and dld signaling from adaxial cells induce
at the dorsal midline, although we occasionally did see tatiypochord development and also indicate thé may
hypochord cells. Thus, trunk hypochord precursors apparentsontribute to hypochord specification. Embryos that laick
arise only from the lateral edges of the shield, in closéunction, by mutation, or have reducdtt function, by MO
association with notochord and slow muscle precursorsnjection, have incompletely penetrant and variably expressive
Because of the small number of hypochord precursors, weypochord phenotypes. By contrast, all embryos that lack both
currently are unable to determine the precise arrangement dic and dlc functions have very few hypochord cells,
hypochord, notochord and slow muscle precursors. Howeveandicating thatdld and dic are functionally redundant for
our data showing that hypochord precursors map to the edggpochord specification. We showed previously that embryos
of the shield, coincident with the edge of the notochorchaving the dominant negativ#ad*2 mutant allele have fewer
precursor domain (Shih and Fraser, 1995; Melby et al., 1996)ypochord cells (Appel et al., 1999). This mutant allele, which
are consistent with our hypothesis that hypochord cells aiig predicted to substitute tyrosine for a conserved cysteine in
specified from midline precursors by an inductive signal fronthe second EGF repeat of the extracellular domain, may
muscle precursors. produce DeltaA protein that can interfere with the functions
Fate mapping of axolotl and histological analyses of frogf DeltaD and DeltaC, perhaps by forming heterodimers. As
and fish embryos indicated that hypochord is derived frongastrulating embryos uniformly expres$la transcripts,
endoderm (Lofberg and Collazo, 1997; Cleaver et al., 2000nutant DeltaA protein could interfere with the hypochord-
Eriksson and Lofberg, 2000). However, labeled hypochorihducing functions of DeltaD and DeltaC. However, we found
cells did not appear in a fate map of zebrafish endoderm (Wargare that reduction alla function by antisense morpholino
and Nusslein-Volhard, 1999). In addition, mutationsoné-  oligonucleotide injection also reduced the number of
eyed-pinhea@ndcasanovawhich are required for endoderm hypochord cells in wild-type embryos and enhanced the
development (Schier et al., 1997; Alexander et al., 1999), doenetrance and expressivity of thei/dld mutant phenotype.
not result in loss of trunk hypochord (Alexander et al., 1999Yhis apparent requirement fdla activity raises the question
(and data not shown). Our data showing hypochord precursoo§ whether a localized source of Notch ligand can fully
are closely associated with precursors of other mesodermal cattcount for the pattern of hypochord specification. However,
types at the onset of gastrulation indicate that zebrafistilais not sufficient to specify hypochord in the absencdlof
hypochord originates from mesoderm and not endoderm. anddld. Thus, we propose that high levels of Delta proteins
produced by adaxial cells are required to induce midline
Distinct cell populations express Delta and Notch precursors to develop as hypochord (Fig. 6).
genes How might Delta signals induce hypochord development?
Previous publications showed that cells that form two column®ne key might be regulation aiftl expressionntl mutant
on either side of the midline of late-gastrulation stage embrycsmbryos lack notochord and rostral hypochord and have
transcribenotch5andher4 (Westin and Lardelli, 1997; Takke excess floor plate (Rissi et al., 1995; Halpern et al., 1997).
et al,, 1999). We demonstrated here that the same celalpern et al. (Halpern et al., 1997) proposednklaegulates
expresseaotch5andher4, and that they were deep within the a midline precursor fate decision by promoting notochord and
mesoderm, close to the yolk. The distributiomnofch5 and inhibiting floor-plate development. We propose that
her4-expressing cells during late gastrula stage was similar tmodulation ofntl expression within midline precursors by
distribution of photoactivated cells that went on to producédelta-Notch signaling is required for hypochord development.
hypochord. After gastrula stagegtch5 andher4expressing In our model,ntl promotes formation of a population of
cells were ventral to notochord, in the final position ofmidline precursors that have the potential to develop either as
hypochord. We also found that cells that expresstch5and  notochord or hypochord. Activation of Notch in a subset of
her4 during late gastrulation were next to adaxial cells, therecursors by Delta ligands expressed by neighboring paraxial
slow muscle precursors. This is consistent with our fatemesoderm cells inducdser4 and represseantl expression.
mapping results that hypochord-containing polyclones ofte€onsistent with this, we show here that constitutive Notch
contained slow muscle celisotch5 andher4-expressing cells  activity can cell-autonomously drive ectogier4 expression.
also were close tatl-positive midline precursors, again In the absence of Notch activitjyerd expression is not
consistent with our observations that polyclones ofterinduced, as we demonstrated here, and excess midline cells
contained both hypochord and notochord cells. Thagchs  expressntl, as we showed previously (Appel et al., 1999).
andher4-expressing cells are probably hypochord precursorsThus, Notch activity diverts midline precursors from
We showed previously that gastrulating embryos exghless notochord to hypochord fate.
uniformly, except for transient upregulation at the dorsal As herdis a member of théairy-Enhancer of spligene
midline (Appel et al., 1999). Thus, the pattern dia  family, which generally encode transcription repressors
transcription does not predict the pattern of hypochordreviewed by Fisher and Caudy, 1998), Notch inhibitiontbf
precursor specification. We now show that paraxial mesodermexpression could occur via direct action of Her4 mth
which includes adaxial cells adjacent to midline precursorgegulatory elements. Notably, in the tunic@iena intestinalis
expressesdic anddld. Thus, adaxial cells could be the primary Notch activity promotes expression of tBeachyury gene,
source of Delta signals that induce hypochord development.apparently by direct binding of Supressor of Hairless (Corbo
o ] et al., 1997; Corbo et al., 1998). Direct comparison of the
Delta function is required for hypochord regulatory DNA that controls expression drachyury
specification homologs in tunicates and zebrafish may provide interesting
Results from our loss-of-function experiments support thénsights to the evolution of the embryonic midline.
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