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Abstract

The establishment of the vertebrate body plan involves patterning of the ectoderm, mesoderm, and endoderm along the dorsoventral and

antero-posterior axes. Interactions among numerous signaling molecules from several multigene families, including Wnts, have been

implicated in regulating these processes. Here we provide evidence that the zebrafish colgateb382 (col) mutation results in increased Wnt

signaling that leads to defects in dorsal and anterior development. col mutants display early defects in dorsoventral patterning manifested by a

decrease in the expression of dorsal shield-specific markers and ectopic expression of ventrolaterally expressed genes during gastrulation. In

addition to these early patterning defects, col mutants display a striking regional posteriorization within the neuroectoderm, resulting in a

reduction in anterior fates and an expansion of posterior fates within the forebrain and midbrain–hindbrain regions. We are able to correlate

these phenotypes to the overactivation of Wnt signaling in col mutants. The early dorsal and anterior patterning phenotypes of the col mutant

embryos are selectively rescued by inactivation of Wnt8 function by morpholino translational interference. In contrast, the regionalized

neuroectoderm posterioriorization phenotype is selectively rescued by morpholino-mediated inactivation of Wnt8b. These results suggest that

col-mediated antagonism of early and late Wnt-signaling activity during gastrulation is normally required sequentially for both early

dorsoventral patterning and the specification and patterning of regional fates within the anterior neuroectoderm.

D 2003 Elsevier Inc. All rights reserved.
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Introduction

The vertebrate body plan is determined during gastrula-

tion as the germ layers are induced and patterned along the

dorsoventral (DV) and antero-posterior (AP) axes. These

induction and patterning events involve a complex and

incompletely understood series of signaling events depen-

dent on interactions among numerous signaling molecules

(Harland and Gerhart, 1997; Lemaire and Kodjabachian,

1996).

The process of dorsal specification is initiated soon after

fertilization by an inductive signaling center called the

gastrula organizer that was first recognized in amphibians
0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.

doi:10.1016/j.ydbio.2003.11.019

* Corresponding author. Department of Neuroscience, Center for

Molecular Neurobiology, Ohio State University, 105 Rightmire Hall,

1060 Carmack Road, Columbus, OH 43210. Fax: +1-614-292-5379.

E-mail address: henion.1@osu.edu (P.D. Henion).
(Nieuwkoop, 1973; Spemann, 1938; Spemann and Man-

gold, 1924). The embryonic shield in zebrafish is a signaling

center analogous to the gastrula organizer in amphibians

(Schneider et al., 1996). In Xenopus and zebrafish, the Wnt

signaling pathway is involved in early DV patterning of the

embryo before and after the mid-blastula transition (MBT;

Kane and Kimmel, 1993; Moon et al., 1997). The pre-MBT

Wnt pathway acts as an early dorsalizing signal that is

involved in inducing organizer formation (Heasman et al.,

1994; Moon et al., 1997; Sokol, 1999; Wylie et al., 1996).

Once the organizer is formed, it secretes factors that can

dorsalize lateral mesoderm and induce and pattern neural

fates in the ectoderm (Gerhart et al., 1989). This activity

can, at least in part, be attributed to its ability to inhibit the

effects of the ventralizing bone morphogenetic proteins

(BMP) and the post-MBT Wnt signaling pathways

(reviewed in Harland and Gerhart, 1997; Moon et al., 1998).

Following induction, the neural plate is subdivided along

the AP axis. Studies have shown that a Wnt/h-catenin
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signaling gradient regulates AP patterning of the neuro-

ectoderm in Xenopus as well as in chick gastrulae (Kiecker

and Niehrs, 2001; Nordstrom et al., 2002). This gradient is

characterized by high Wnt activity in posterior regions and

lower activity in the anterior regions of the embryo, a likely

consequence of Wnt inhibitors being predominantly

expressed anteriorly. The anterior endomesoderm acts as a

source of Wnt antagonists such as Cerberus (Bouwmeester

et al., 1996), secreted Frizzled Related Proteins (Leyns et

al., 1997), and Dickkopf 1 (Dkk1; Glinka et al., 1998). The

importance of Wnt antagonists in neural patterning is

evident in experiments where the overexpression of Wnt

inhibitors in Xenopus and zebrafish embryos resulted in

embryos with enlarged heads (Deardorff et al., 1998;

Fekany-Lee et al., 2000; Glinka et al., 1997, 1998; Hashi-

moto et al., 2000; Heasman et al., 2000; Hoppler et al.,

1996; Leyns et al., 1997; Pierce and Kimelman, 1995). Loss

of function and inhibition of Wnt antagonists have also

provided support for their role in anterior neural develop-

ment. For example, inhibition of Dkk1 function in Xenopus

embryos results in embryos with truncated anterior struc-

tures (Glinka et al., 1998). Likewise, mouse embryos lack-

ing dkk1 function lack head structures anterior to the

midbrain (Mukhopadhyay et al., 2001) and the absence of

six3 function, which is a repressor of Wnt signaling, results

in truncated forebrain development and posteriorization of

the head (Lagutin et al., 2003).

Genetic evidence for the functions of regulated Wnt

signaling comes in part from the study of zebrafish

mutants. Zebrafish wnt8 mutant embryos display an en-

largement of the forebrain and significant loss of midbrain

(Lekven et al., 2001). A mutation in the transcriptional

repressor Tcf3, the product of the headless (hdl) gene,

causes loss of eyes, forebrain, and part of the midbrain

(Kim et al., 2000). masterblind (mbl) mutants, in which the

function of Axin is abolished, exhibit fate changes within

the forebrain with the transformation of telencephalon and

eyes to diencephalon (Heisenberg et al., 2001). The mutant

bozozok (boz) displays defects in the formation of the

organizer and in the development of dorso-anterior struc-

tures due to a disruption in the function of the homeobox

gene nieuwkoid/dharma that negatively regulates both the

Wnt and BMP pathways (Fekany-Lee et al., 2000). These

studies further support an important role for Wnts as neural

posteriorizing factors.

The current model of the role for Wnt-signaling in

posteriorizing neural tissue suggests that Wnt8 activity

establishes the initial subdivisions along the neuraxis (Erter

et al., 2001). Although Wnt8 is involved in the early AP

patterning of the neural plate, it appears unlikely to play a

later role in refining these initial AP positional values since

altering early Wnt activity by manipulating the expression

of the Wnt inhibitors dkk1, cerberus, and frzb1 increases or

decreases the overall size of the forebrain without affecting

the patterning of regional fates within the forebrain (Hashi-

moto et al., 2000; Leyns et al., 1997; Piccolo et al., 1999).
Instead, local interactions between organizing centers such

as the anterior neural plate border, caudal diencephalon, and

the midbrain–hindbrain boundary appear likely to regulate

further regionalization within the brain anlage (Houart et al.,

2002; Kim et al., 2002). Recent studies indicate that Wnt8b

is a likely candidate for mediating some later neural pat-

terning events within the anterior neuroectoderm (Houart et

al., 2002; Kim et al., 2002). In addition, Wnt1 has been

shown to play an important role in establishing the mid-

brain–hindbrain boundary (Kelly and Moon, 1995). These

studies suggest that regional patterning of the neural plate

involves a continuous refinement of positional values influ-

enced by both early and late acting Wnt signals.

Although the importance of Wnt-signaling in embryonic

patterning is established, it remains unclear to what extent

individual positive and negative regulators of Wnt signaling

contribute to the patterning events mediated by early and

later acting Wnt signaling. In this study, we characterize the

phenotype of zebrafish col mutant embryos. col mutants

display defects in early DV patterning and later regional AP

patterning within the anterior neural plate. We provide

evidence that the col locus normally functions as a negative

regulator of Wnt signaling involved in maintenance of the

gastrula organizer and the promotion of anterior fates within

the forebrain and midbrain–hindbrain regions of the neural

plate. Specifically, our results indicate that sequential col-

mediated inhibition of early and late Wnt-signaling during

gastrulation is normally required for proper DV and AP

patterning of the zebrafish embryo.
Materials and methods

Zebrafish

Adult zebrafish and embryos were maintained in the

Ohio State University zebrafish facility. Adults and embryos

were raised at 28.5jC and were staged by anatomical

criteria (e.g. %epiboly; numbers of somite pairs) or hours

(hpf) or days post fertilization (dpf). Mutant embryos (*AB

and WIK backgrounds) were collected from pairwise mat-

ings of heterozygous adults.

In situ hybridization and immunohistochemistry

Staged embryos were fixed overnight at 4jC in phos-

phate-buffered saline solution containing 4% paraformalde-

hyde. In situ hybridization was carried out as described by

Thisse et al. (1999) with minor modifications. A detailed

protocol is available on request. The following probes were

used: anf (Kazanskaya et al., 1997), bmp2 (Kishimoto et al.,

1997; Nguyen et al., 1998; Nikaido et al., 1997), bmp4

(Chin et al., 1997; Nikaido et al., 1997), chordin (Miller-

Bertoglio et al., 1997), dHAND (Yelon et al., 2000), dick-

kopf1 (Hashimoto et al., 2000), dlx2 (Akimenko et al.,

1994), fgf8 (Reifers et al., 1998), gata1 (Detrich et al.,



Fig. 1. (A,B) Wild-type (A) and col mutant (B) embryos at 3.5 dpf. col

mutant embryos have a shorter and curved body axis and also display an

accumulation of blood cells (arrow in B) and edema of the heart

(arrowhead) .(C,D) Ventral views of the head of a wild-type (C) and col

(D) mutant embryo at 3.5 dpf. col embryos have a smaller head with

reduced, partially cyclopic eyes. Arrowheads mark the pectoral fins in wild-

type (C) embryos. col mutants lack pectoral fins (arrowheads in D). (E–H)

Alcian blue preparations of 3.5 dpf embryos to reveal craniofacial

cartilages. Lateral (E,F) and ventral (G,H) views of wild-type (E,G) and

col mutant (F,H) embryos illustrate the dramatic reduction of cartilages in

mutant embryos.
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1995), gata2 (Detrich et al., 1995), goosecoid (Stachel et al.,

1993), islet1 (Korzh et al., 1993), nieuwkoid (Koos and Ho,

1998), nkx2.5 (Lee et al., 1996), no tail (Schulte-Merker et

al., 1992), otx2 (Li et al., 1994), pax 2.1 (Krauss et al.,

1991), sonic hedgehog (Krauss et al., 1993), tyrosine

hydroxylase (provided by T. Look, Dana Farber Cancer

Institute, Boston, MA), wnt1 (Kelly and Moon, 1995),

wnt8 (Kelly et al., 1995), and wnt8b (Kelly et al., 1995).

Probes were synthesized using T7, T3, or SP6 RNA

polymerases and DIG-labeled rNTPs as appropriate. For in

situ hybridizations on embryos older than 24 hpf, the

embryos were raised in 0.03g/l 1-phenyl-2-thiourea (PTU)

to prevent melanin synthesis, which allowed clear analysis

of gene expression patterns and antibody staining without

interference from pigmented melanocytes.

Immunohistochemistry was done on embryos fixed in

4% paraformaldehyde for 2 h at room temperature and

performed according to Henion et al. (1996). The following

antibodies were used: zn-12 (Trevarrow et al., 1990), zn-5

(Trevarrow et al., 1990), and acetylated tubulin (Sigma).

mRNA and morpholino injections

mRNA was synthesized using Ambion’s mMessage

mMachine kit. Following transcription, the mRNA was

extracted using phenol/chloroform and concentrated in

Microcon YM-50 (Amicon) microconcentrator filter devi-

ces. RNA quality was assayed using gel electrophoresis.

mRNA was diluted in 1% phenol red and pressure injected

into the YSL of one- to eight-cell-stage embryos.

The following constructs were used for injections: X

glycogen synthase kinase 3b (Xgsk3b) in pCS2 (Pierce

and Kimelman, 1995), dominant negative Xgsk3b in pCS2

(Pierce and Kimelman, 1995), Xaxin GID2 fragment in

pCS2MT (Hedgepeth et al., 1999), tcf3 in pCS2 (Kim et

al., 2000), VP16-tcf3 in pCS2 (Kim et al., 2000), dickkopf1

in pCS2 (Hashimoto et al., 2000), chordin in pCS2 (Miller-

Bertoglio et al., 1997), antivin in pCS2 (Thisse et al., 1999),

and XFD (Amaya et al., 1991). The amount of RNA injected

in each embryo varied from 10 to 600 pg depending on the

particular RNA.

The antisense wnt8 morpholino (Erter et al., 2001) was

diluted with phenol red/1� Danieau Medium (1:6) and

approximately 6–8 ng was injected into each embryo.

Coinjections of a modified and functional version of wnt8

mRNA that is not recognized by the morpholino (Erter et

al., 2001) were performed as specificity controls. Antisense

wnt8b morpholino (Houart et al., 2002) was similarly

diluted and approximately 8–10 ng was injected into each

embryo.

Linkage analysis and genotyping

For linkage analysis, AB background heterozygous col

carriers were crossed to a polymorphic WIK strain and

gynogentic half-tetrad F2 embryos from the ABXWIK
females were used. PCR was performed using Simple

Sequence Length Polymorphic markers (Knapik et al.,

1996). We have mapped the colb382 mutation to chromo-

some 19. To determine the genotype of embryos used in

experiments before a readily apparent visible phenotype is

seen, DNA from individual embryos was obtained and PCR

was performed on genomic DNA using chromosome 19

linked polymorphic SSLP markers.
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Results

Isolation of the colgateb382 mutant

colgateb382 (col) is an ENU-induced recessive, embry-

onic lethal mutation isolated in an early pressure screen

(Henion et al., 1996). Homozygous mutant embryos die at

7 dpf. Mutant embryos were identified based on their

abnormal melanocyte distribution pattern (Figs. 1A,B). In

addition to the pigment defect, col mutant embryos display

a gross morphological loss of anterior structures. They

have smaller heads (Figs. 1A–D) and partially cyclopic

eyes (Figs. 1C,D), and craniofacial cartilages are grossly

abnormal (Figs. 1E–H). The body axis of mutant embryos

is also shorter compared to their wild-type siblings (Figs.

1A,B). Heart development is abnormal in col embryos

evidenced by edema in mutants at 2 dpf (Fig. 1B) and

col mutants completely lack pectoral fins (Figs. 1C,D). In

this study, we have focused on the early patterning

phenotypes of col mutant embryos and investigated poten-

tial causative mechanisms to explain these developmental

abnormalities.

Disruption of early dorsoventral patterning in col mutant

embryos

col mutant embryos display truncations in anterior neural

structures. Since factors from the organizer derived prechor-

dal plate promote anterior neural development (Ang and

Rossant, 1993; Ang et al., 1994; Dale et al., 1997; Foley et

al., 1997; Gerhart et al., 1989; Glinka et al., 1998; Shinya et

al., 2000), we tested whether abnormal organizer develop-

ment contributes to the development of the col mutant

phenotype.

In the zebrafish early gastrula, goosecoid (gsc) is

expressed by the developing shield (Stachel et al., 1993).

At 6 hpf, col embryos show a decrease in shield expression
Fig. 2. col mutants display a reduction in the expression of shield-specific

markers (A–D). Animal pole views of 6 hpf (shield stage) wild-type (A, C)

and col mutant (B,D) embryos. gsc is normally expressed in the shield of

wild-type embryos (A) and gsc expression is down-regulated in col mutant

embryos (B). A mild reduction is also seen in chd expression in the shield at

6 hpf in col mutants (D) as compared to wild-type embryos (C). A decrease

in expression of prechordal plate markers is also seen in col mutant

embryos (E–H). At 80% epiboly (8.5 hpf), gsc is expressed in the

developing prechordal plate of wild-type embryos (E). Prechordal plate gsc

expression is reduced in col mutants (F). A similar decrease in expression is

seen in dorsal views of col mutant embryos at 90% epiboly (H), when dkk1

expression is observed in the prechordal plate in wild-type embryos (G). col

embryos display an expansion in the expression of ventralizing signals. (I –

L) Animal pole views of col mutant embryos at 80% epiboly show an

expansion of bmp2 (J) and bmp4 expression (L) as compared to wild-type

embryos (I,K). Arrowheads indicate approximate limits of expression

domains. (M,N) In dorsal views, wnt8 expression is apparent in the

ventrolateral mesoderm and is excluded from the dorsal midline in wild-

type embryos (M) at 60% epiboly (7 hpf). In col mutant embryos (N) at the

same stage of development, wnt8 expression expands into the dorsal

midline.
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of gsc as compared to wild-type siblings (Figs. 2A,B). A

similar decrease in expression of dickkopf1 (dkk1), a Wnt

antagonist (Shinya et al., 2000), is also seen in col mutants

(not shown). A mild reduction is also observed in chordin

(chd) expression in col mutants at shield stage (Figs. 2C,D).

However, the expression of bozozok/niewkoid (boz), a gene

involved in the induction of the organizer, was unaffected at

4 and at 6 hpf (data not shown). These defects in shield

development occur during mid- to late gastrulation since the

early expression of gsc in col embryos at 4 hpf is indistin-

guishable from wild-type siblings (not shown). At 80%

epiboly, gsc is expressed by the prechordal plate (Stachel

et al., 1993) and col mutants display a reduction in gsc-

expressing presumptive prechordal plate (Figs. 2E,F). A

reduction is also seen in dkk1 expression at 80% epiboly

(Figs. 2G,H). Notably though, the development of the

notochord, the posterior axial derivative, does not appear

to be affected in these embryos since there is little change in

the expression of ntl in the notochord anlage in col mutants

(not shown). These results suggest that col function is

essential for the maintenance of gastrula organizer tissue

but is unlikely to play a role in the initial induction of the

organizer. Since the notochord is unaffected in col mutant

embryos, these results indicate a more specific role for col in

organizer development such as promoting the development

of the head organizer.

To test if the loss of dorso-anterior fates is accompa-

nied by defects in the development of ventral fates, we

examined the expression of bmp2 and bmp4 whose gene

products act as morphogens that specify ventral fates in

the ectoderm and mesoderm (Kishimoto et al., 1997;

Neave et al., 1997; Nguyen et al., 1998). col embryos
Fig. 3. col mutant embryos display an increase ventral and posterior

mesoderm-derived cells including blood and tail bud cells as well as a

decrease in dorso-anterior mesoderm-derived cardiac mesoderm. (A–D)

gata1 is expressed by hematopoietic precursor cells of 10- (A) and 26-

(C) somite-stage wild-type embryos. At the same developmental stages,

there are increased numbers of gata1-expressing cells in col mutants

(B,D). The arrowhead in D marks the large number of blood cells in the

region of the anus in col embryos. (E,F) At 60% epiboly (7 hpf), ntl is

expressed in the ventrolateral mesoderm along the blastoderm margin of

wild-type embryos (E). ntl expression is expanded in col mutant embryos

(F). ntl at the 10-somite stage (G,H) and wnt8 at the 3-somite stage (I,J)

are expressed by mesodermal cells of the tail bud. Increased expression of

both ntl (H) and wnt8 (J) in the tail bud mesoderm is observed in col

mutant embryos. Twenty-six-somite- (K) and 16-somite- (M) stage, wild-

type embryos showing apoptotic cells revealed by TUNEL. The increase

in the number of tail bud cells in col mutants is accompanied by an

increase in the number of apoptotic cells in the tail (L). The arrow marks

the TUNEL -positive cells in the tail of col mutants. (M,N) Lateral views

of wild-type (M) and col mutant (N) embryos processed for TUNEL with

arrow (N) indicating apoptotic cells ventral to the forming yolk extension

in mutant embryos. (O,P) Lateral views of cardiac mesoderm nkx2.5

expression in 24 hpf wild-type (O) and col mutant (P) embryos reveal a

reduction in the expression domain in col mutant embryos. (Q,R) dHAND

expression in the developing heart (arrows) in 48 hpf wild-type (Q) and

col mutant embryos (R) reveals decreased expression in col mutant

embryos.



Fig. 4. col mutants display an expansion of non-neural ectoderm and a

reduction in neural tissue during late gastrulation. (A,B) At 80% epiboly

(8.5 hpf; A; lateral view), gata2 is expressed by non-neural ectoderm in

wild-type embryos. The domain of gata2 expression is expanded dorsally

and anteriorly in col mutants (B). Arrowheads in A and B denote limits of

the gata2 expression domains. (C,D) At 75% epiboly (8 hpf; C; lateral

view), otx2 is expressed by the forebrain and midbrain anlage of the

neuroectoderm in wild-type embryos (C). In col mutants (D), otx2

expression is reduced and the anterior border of the expression domain

(arrowheads) does not reach the animal pole.
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display a dorsal expansion of bmp2 expression (Figs.

2I,J). Similarly, bmp4 expression is also dorsally expand-

ed in col mutants (Figs. 2K,L). The expression of wnt8,

which is restricted to the ventrolateral blastoderm margin

and is excluded from the dorsal midline at mid-gastrula-

tion in wild-type embryos (Kelly et al., 1995), expands

into the dorsal midline in col mutants. (Figs. 2M,N). At

60% epiboly, ntl is expressed by the ventrolateral meso-

derm in addition to the dorsal notochord. We also
Fig. 5. col mutants display regionalized posteriorization within the anterior

neuroectoderm. (A,B) anf is expressed along the anterior edge of the

neuroectoderm in wild-type embryos (A; dorsal view) at tailbud stage and

anf expression is decreased in col mutant embryos (B). (C–F) The

telencephalic stripe of dlx2 expression in a lateral view of a (C,D) 24 hpf

and (E,F) 40 hpf col mutant (D,F arrowhead) is reduced compared to

wild-type (C,E). (G,H) Lateral views of ventral diencephalic expression of

shh in 32 hpf wild-type (G) and col mutant (H) embryos illustrates the

anterior expansion of shh expression (arrowhead in H) in col mutant

embryos. (I,J) At 90% epiboly, wnt8b is expressed at the MHB in wild-

type embryos (I). wnt8b expression is expanded in col mutants (J). (K,L)

The number of tyrosine hydroxylase-expressing dopaminergic neurons of

the midbrain is reduced in col mutant (L) embryos as compared to wild-

type (K) embryos at 3 dpf. (M,N) pax2.1 expression at the MHB in 48

hpf wild-type (M) and col mutant (N) embryos. Arrowheads indicate the

expanded anterior–posterior extent of pax2.1 expression in col mutant

embryos.
observe an expansion of ntl expression along the ventro-

lateral margin in col mutants (Figs. 3E,F). Hence, in col

mutants, the reduction in the expression of shield-specific

genes at the dorsal midline is accompanied by an

expansion of ventrolaterally expressed genes.



Fig. 6. col mutant embryos display a reduction of neural tissue and regional

posteriorization of the neuroectoderm. (A,B) Dorsal views of wild-type (A)

and col mutant (B) embryos at 2 dpf labeled with zn5 antibody. The

developing brain in col mutants appears laterally reduced (B). (C,D) Ventral

views of the heads of wild-type (C) and col mutant (D) embryos at 2 dpf

labeled with anti-acetylated tubulin antibody with arrowheads indicating the

olfactory organs that are reduced in size in col mutants. (E,F) Lateral views

of wild type (E) and col mutants (F) labeled with anti-acetylated tubulin

antibody at 2 dpf. Arrow in (E) marks staining in the tectum of wild-type

embryos. A dramatic reduction in staining in seen in col mutants (F). (G,H)

Dorsal views of wild-type (G) and col mutant (H) embryos at 48 hpf labeled

with zn12 antibody with arrowheads marking the anterior–posterior extent

of the tectum. The size of the tectum is reduced in col mutants whereas the

cerebellum is larger (arrow in H). (I,J) A drastic reduction in tectal

projections is evident in 2 dpf col mutants (J) labeled with zn5 antibody as

compared to wild type (I).
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In addition to the increase in the expression of ventral

markers, we observed an excessive development of ventral

and posterior structures in col mutants. For example, the

blood islands appear to contain many more cells as com-

pared to wild-type embryos. The expression of gata1,

which is expressed in hematopoietic precursor cells (Det-

rich et al., 1995), is increased in col mutant embryos at the

10-somite and 22-hpf stages (Figs. 3A–D). We also ob-

served an increase in the number of cells in the tailbud. The

tailbud expression of wnt8 at the 3-somite stage and ntl

expression at the 10-somite stage are increased in col

mutant embryos (Figs. 3G–J). Interestingly, results using

the TUNEL assay for apoptotic cell death revealed a large

number of cells undergoing apoptosis in this region of col

mutants (Figs. 3K,L). Also, at the 16-somite stage, the

TUNEL assay revealed a high degree of cell death in a

population of cells anterior to the anus on the ventral side

of the yolk extension in col mutants (Figs. 3M,N). A

similar phenotype has been observed in the ventralized

mutants chordino and mercedes (Hammerschmidt et al.,

1996). Therefore, col mutants exhibit an expansion of

ventral and posterior structures and this ventralized pheno-

type is likely due to a reduction in dorsalizing signals and a

concomitant expansion of ventral signals. Consistent with

this possibility, we also observed a reduction in dorso-

anterior-derived cardiac mesoderm. Specifically, we ob-

served a reduction in the expression domain of nkx2.5

(Lee et al., 1996) at 24 hpf (Figs. 3O,P) and a more drastic

reduction at 48 hpf of dHAND expression (Figs. 3Q,R;

Angelo et al., 2000; Yelon et al., 2000).

Non-neural ectoderm fates are expanded in col mutant

embryos

BMPs are ventralizing signals that have been shown to

promote non-neural epidermis in the ectoderm (Kishimoto

et al., 1997; Neave et al., 1997; Nguyen et al., 1998;

Wilson and Hemmati-Brivanlou, 1995). The observed

increases in the expression of bmp2 and bmp4 in col

mutants could result in a decrease in neural induction and

an expansion of the epidermis. To determine whether this

occurs, we examined the development of the prospective

non-neural ectoderm by determining the expression of

gata-2. The expression of gata-2 is normally restricted

to the ventrolateral half of the ectoderm of wild-type

embryos (Detrich et al., 1995) but expands into more

dorsal and anterior parts of the ectoderm in col mutant

embryos (Figs. 4A,B). To determine if neural development

is abnormal, we examined the expression of otx2. otx2 is

expressed in a triangular domain that extends to the

animal pole during the early gastrula stages in wild-type

embryos (Li et al., 1994). The anterior edge of otx2

expression in col embryos shifts posteriorly and does not

extend to the animal pole, indicating a reduction in the

anterior forebrain anlage (Figs. 4C,D). These results sug-

gest that col normally functions to limit the ventralization
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of the ectoderm and to permit the specification of neural

fates.

col mutants display regional posteriorization of the neural

plate

We next sought to understand the nature of the pattern-

ing defects within the neural tissue of col mutants. We

examined the general morphology of the brain by staining

embryos at 2 dpf with antibodies to acetylated tubulin. The

neural tissue in col mutant embryos appeared to be

laterally reduced, giving an overall appearance of being

narrower as compared to wild-type embryos (Figs. 6A,B).

More strikingly, staining in the telencephalic region of the

forebrain and the tectal lobes of the midbrain was reduced

(Figs. 6E,F). These observations lead us to speculate that

there might be regional patterning disruptions within the

developing brain of col mutants. To assess this, we

examined genes expressed in distinct domains within the

forebrain including the anterior telencephalon and posterior

diencephalon. The expression of an early marker, anf

(Kazanskaya et al., 1997), which is expressed along the

anterior edge of the neuroectoderm, is reduced in col

mutant embryos as compared to wild-type siblings (Figs.

5A,B). The loss of anterior fates is more pronounced later

in development. We observed a severe decrease in the

telencephalic expression of dlx2 (Figs. 5C–F; Akimenko et

al., 1994) and islet-1 (not shown; Inoue et al., 1994; Korzh

et al., 1993) at later stages. This was accompanied by a

reduction in anterior structures such as the olfactory organs

(Figs. 6C,D) and neural retinal tissue (not shown). In

contrast, a subtle anterior expansion of shh expression in

the diencephalon was evident at the 10-somite stage (not

shown) that becomes more pronounced at later stages

(Figs. 5G,H). Therefore, in col mutant embryos, the loss
Fig. 7. Expression of Wnt pathway antagonists partially rescue the col mutant phe

mutants (B) as compared to wild-type embryos (A) at 48 hpf. dlx2 expression

expression of dlx2 is restored in col embryos injected with dkk1 mRNA (E,F) co
of anterior telencephalic fate is accompanied by the rostral

expansion of posterior diencephalon.

In addition to the patterning defects in the forebrain,

abnormalities within the midbrain region were also ob-

served. col embryos labeled with zn-12 antibody (Trevarrow

et al., 1990) showed a clear decrease in the size of the tectal

lobes (Figs. 6G,H). A decrease in staining in the midbrain

region is seen in col embryos stained with acetylated tubulin

antibody at 2 dpf (Figs. 6E,F). Examination of tectal axon

projections using the zn-5 antibody (Trevarrow et al., 1990)

revealed a drastic reduction in col mutants as compared to

wild-type siblings (Figs. 6I,J). Neuronal populations found

in the midbrain such as dopaminergic neurons (defined by

tyrosine hydroxylase expression; Figs. 5K,L) are significant-

ly reduced. Staining with zn-12 and acetylated tubulin anti-

bodies also revealed that while the tectum appeared reduced,

the midbrain–hindbrain boundary (MHB), including the

cerebellum, was expanded along the AP axis (Figs. 6G,H).

These morphological changes are accompanied by changes

in the expression of genes at the MHB. At 90% epiboly

wnt8b (Kelly et al., 1995) expression in the cells of the

prospective caudal diencephalon and MHB region is ex-

panded in mutant embryos (Figs. 5I,J). In contrast, the

expression of wnt1, another gene involved in MHB devel-

opment (Kelly and Moon, 1995), is not significantly altered

in col mutants as compared to wild-type siblings (data not

shown). col embryos also display an expansion in pax2

expression at the MHB (Krauss et al., 1991) at 48 hpf

(Figs. 5M,N). A similar expansion in fgf8 expression at the

MHB (not shown; Reifers et al., 1998) was also observed.

Examination of pax2 expression at earlier stages revealed a

subtle expansion in expression at the MHB in col mutant

embryos (not shown) that becomes more obvious later in

development (Figs. 5M,N). These results are similar to

those observed in the forebrain, in that the posterior tissue,
notype. (A–C) The telencephalic stripe of dlx2 expression is reduced in col

is restored in col mutants injected with gsk-3b mRNA (C). Telencephalic

mpared to uninjected col mutants (D) at 40 hpf.



Fig. 8. Antisense morpholino-mediated knockdown of wnt8 rescues the

shield and forebrain phenotypes of col mutant phenotype. (A– I) An

uninjected col mutant embryo at 3 dpf (A), a col mutant embryo

injected with wnt8 MO (B) and an uninjected wild-type embryo (C) at 3

dpf. gsc expression in wild-type embryos (D) at shield stage (6 hpf) is

reduced in col mutants (E, see Figs. 3A,B). gsc expression is restored in

col mutants injected with wnt8 MO (F). dlx2 expression in the

telencephalon (arrowhead) of injected col embryos at 48 hpf is rescued

(I) as compared to uninjected mutants (H) and uninjected wild-type

embryos (G). Expanded diencephalon revealed by shh expression

(arrows) still persists in injected col mutants embryos at 40 hpf (L) as

in uninjected mutant embryos (K) and unlike uninjected wild-type

embryos (J).
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the cerebellum, expands at the apparent expense of anterior

tectal tissue (see Figs. 6G,H). In addition to this, we

measured the distance between the anterior tip of the

forebrain and the MHB in col embryos at 40 hpf and

compared it to the same measurement of wild-type embry-

os. We found that this distance is not altered in col

embryos, suggesting that both the reduction in the telen-

cephalon and expansion of the diencephalon in the fore-

brain region and the decrease in tectal tissue and expansion

of the cerebellum in the midbrain region occur reciprocally.

Importantly, the levels of cell death in neural tissue

throughout development in col mutant and wild-type em-

bryos as assayed by the TUNEL method were indistin-

guishable (not shown). Based on these data, we hypothe-

sized that col function is required to establish regional fates

along the AP axis of the developing zebrafish brain and

that the disruption of col function results in a regionalized

posteriorization of the neuroectoderm.

Antagonists of Wnt signaling suppress the col mutant

phenotype

Studies have implicated the Wnt signaling pathway as

well as FGFs and retinoids in patterning neural tissue along

the AP axis (Erter et al., 2001; Lumsden and Krumlauf,

1996; McGrew et al., 1995, 1997; Yamaguchi, 2001).

Consistent with this, zebrafish mutants such as hdl, mbl,

and boz, all of which show defects in anterior neural

development, are mutations in genes that antagonize Wnt

signaling (Fekany et al., 1999; Heisenberg et al., 2001; Kim

et al., 2000). col mutants also show a similar loss of anterior

neural structures (Figs. 5A–F and 6C–F), an expansion of

wnt8 expression (Figs. 2M,N) and a downregulation of the

Wnt antagonist, dkk1 (Figs. 2G,H and not shown). These

data suggest that excess Wnt signaling may contribute to the

manifestation of the col mutant phenotype and led us to test

whether the inhibition of this signaling pathway might then

suppress the col mutant phenotype.

Shinya et al. (2000) have shown that injection of dkk-1

RNA into wild-type embryos results in the formation of

larger telencephalon and eyes. We injected dkk-1 RNA

into embryos at one- to eight-cell-stage and allowed them

to develop until 40 hpf. These embryos were then tested

with appropriate molecular markers to analyze patterning

within the brain. Subsequent to each experiment, embryos

were genotyped to distinguish mutant and wild-type em-

bryos. Forebrain expression of dlx2 was analyzed, and of

the col mutant embryos examined, 90% (n = 32) showed a

dramatic increase in the telencephalic expression of dlx2,

to levels comparable to that of uninjected wild type

embryos (Figs. 7D–F). Thus, dkk-1 overexpression is able

to rescue the loss of anterior telencephalic fates in col

mutants. To test if other downstream negative regulators of

Wnt signaling can ameliorate the mutant phenotype, we

injected either gsk-3b (Figs. 7A–C; Pierce and Kimelman,

1995), a protein kinase that phosphorylates h-catenin and
targets it for degradation, or tcf3 RNA (not shown; Kim et

al., 2000), a transcriptional repressor into one- to eight-

cell-stage embryos. In situ hybridization with dlx2

revealed that normal telencephalic development was re-

stored in 75% (n = 25) of injected col mutant embryos

(Figs. 7A–C).

Other signaling molecules such as Nodals and FGFs

have also been shown to play an important role in neural

posteriorization (Donaich, 1995; Gamse and Sive, 2000).
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We tested their role in the development of the col mutant

phenotype by overexpressing XFD (Amaya et al., 1991),

a dominant-negative FGF receptor and the nodal antag-

onist antivin (Thisse et al., 1999). Neither of these genes

exhibited phenotype rescue activity when expressed in

col mutant embryos (not shown). Also, a decrease in

BMP activity in zebrafish embryos has been shown to

cause an expansion of anterior neural fates (Barth et al.,

1999; Nguyen et al., 1998). Therefore, we tested if
Fig. 9. Antisense morpholino-mediated knockdown of wnt8b rescues regional pat

boundary region marked by pax2 expression is expanded in colmutants (B) as com

reduction in MHB tissue in mutant embryos (C). The extent of the MHB region is

ectopic diencephalic shh expression (F) observed in uninjected col embryos at

resemble uninjected wild-type embryos (D). The reduced telencephalic dlx2 expr

embryos (I, compare to wild type, G). The telencephalic stripe of dlx2 expressi

unaffected in wnt8b morpholino-injected col mutants (J–O). gsc expression is do

embryos as compared to wild-type embryos at 70% epiboly (J). wnt8 expression i

(O) col mutant embryos unlike in wild-type embryos (M) at 70% epiboly.
chordin (Miller-Bertoglio et al., 1997), a BMP antagonist,

is able to rescue col mutants. We did not see a

significant rescue although chd injected col embryos

did not show the expanded blood islands and dorsal

expansion of gata2 expression seen in uninjected col

mutant embryos (not shown). Hence, inhibition of Wnt

signaling is able to suppress the col mutant phenotype,

indicating that col function selectively and negatively

regulates Wnt signaling.
terning defects in the brain of col embryos. (A–I) The midbrain–hindbrain

pared to wild-type embryos at 40 dpf (A). Injection of wnt8bMO results in a

shown with arrowheads. wnt8b MO injection of mutant embryos abolishes

32 hpf (E, arrow; see Figs. 8G,H). Injected mutant embryos (F) strongly

ession in uninjected col embryos (H; see Figs. 8E,F) is rescued in injected

on is marked with arrows. Early patterning events during gastrulation are

wn-regulated in the prechordal plate in uninjected (K) and injected (L) col

s ectopically expressed in the dorsal midline in uninjected (N) and injected
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Abrogation of Wnt8 and Wnt8b function rescues distinct

aspects of the col mutant phenotype

Because antagonists of Wnt signaling were found to

suppress aspects of the col mutant phenotype and because

Wnt8 function has been implicated in the development of

tissues affected by the col mutation (Erter et al., 2001), we

specifically inhibited Wnt8 function by injecting wnt8

morpholino (MO) directed to ORF1. Injection of this wnt8

MO has been previously shown to cause a loss of posterior

neural fates with an expansion of anterior fates in zebrafish

embryos (Erter et al., 2001). Embryos were injected at the

one- to four-cell stage and were genotyped to identify

mutants. Some injected embryos were allowed to develop

until 3 dpf and approximately 70% (n = 36) of col mutant

embryos injected with wnt8 MO displayed a significant

rescue of the mutant phenotype including grossly normal

head development (Figs. 8A–C). We also performed RNA

in situ hybridization to look at the expression of dlx2 in the

telencephalon, gsc in the shield, and gata2 in the ectoderm.

Shield expression of gsc was restored to wild-type levels in

80% (n = 26) of injected col mutants (Figs. 8D–F).

Seventy-five percent (n = 30) of injected col mutant

embryos displayed rescue of the telencephalon based on
Fig. 10. Expression of dominant-negative forms of negative regulators of Wnt sig

negative Xgsk-3b results in a partial loss of anterior tissue and reduced eyes in w

arrowhead marks a reduced, cyclopic eye in an injected wild-type embryo. Expres

Xgsk-3b (D) in col mutant embryos results in a complete loss of eyes and anterio
dlx2 expression (Figs. 8G–I). Also, dorsal expansion of

gata2 in the ectoderm was not observed in the injected

mutants (not shown). However, although the injected col

mutant embryos displayed a significant rescue of anterior

neural tissue development, regional patterning defects with-

in the anterior brain persisted. For example, the expanded

ventral diencephalon, based on shh expression, still

remained in the injected col embryos (Figs. 8J–L).

Recent studies in zebrafish have implicated Wnt8b in

playing an important role in regional patterning within the

anterior neuroectoderm (Houart et al., 2002; Kim et al.,

2002). To test the idea that the increased wnt8b expression

observed in col mutant embryos (Figs. 5G,H) may contrib-

ute to the development of some aspects of the col mutant

phenotype, we injected col mutants with antisense MOs

directed against wnt8b. In situ hybridization was performed

on injected embryos at 70% epiboly using gsc and wnt8 and

at 40 hpf using dlx2 and shh. We did not observe a rescue of

the shield based on gsc expression in injected col mutants

(Figs. 9J–L). Likewise, injected col embryos also retained

ectopic wnt8 expression in the dorsal midline (Figs. 9M–

O). However, a striking rescue of the telencephalon (dlx2

expression; 60% n = 25) as well as amelioration of expand-

ed diencephalon (shh expression; 50% n = 26; Figs. 9D–I)
nalling enhances the col mutant phenotype. (A–D) Injection of dominant-

ild-type embryos (B) compared to uninjected wild-type embryos (A). The

sion of dominant-negative axin (GID-2 fragment; C) and dominant-negative

r tissue. All embryos are 48 hpf.
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was observed in the injected col mutants. Also, examining

live, injected col embryos at 3 dpf revealed a clear reduction

in tissue in the region of the posterior MHB (not shown).

Consistent with this, we do not observe the expanded

posterior pax2 expression in wnt8bMO-injected col mutants

(60% n = 20; Figs. 9A–C). Taken together, these results

suggest that while reducing excess Wnt8 activity in col

mutants is able to rescue early dorsoventral patterning

defects and permit normal anterior forebrain tissue devel-

opment, the regional patterning defects in the brain but not

earlier patterning events are selectively rescued by reducing

excess Wnt8b activity.

Activation of the Wnt pathway enhances the col mutant

phenotype

Since the overexpression of negative regulators of the

Wnt signaling pathway as well as inhibition of Wnt8 and

Wnt8b activities was able to rescue the col mutant pheno-

type, we tested if the converse also holds true. We injected a

dominant-negative form of Xgsk-3b (Pierce and Kimelman,

1995) and a form of Xaxin (GID2) that is able to bind Gsk-

3h and inhibit it (Hedgepeth et al., 1999). Both of these

RNAs caused phenotypes such as reduction in the size of

the eyes, loss of one eye or cyclopia in wild-type embryos

(Fig. 10B). In col mutant embryos, however, both caused

more dramatic defects compared to uninjected mutant em-

bryos and wild-type embryos injected with the same con-

centration of each construct. Injected col mutant embryos

were characterized by the complete loss of both eyes as well

as the anterior region of the head (Figs. 10C,D). Hence,

activation of the Wnt pathway in col mutants greatly

enhances the loss of anterior neural structures like the

forebrain and eyes. These results further lend support to

the idea that there is an overactivation of Wnt signaling in

col mutants.
Discussion

col function is required to inhibit Wnt signaling

The precise regulation of the Wnt signaling pathway is

essential for normal development. This is evidenced by the

catastrophic consequences in development that occur in

response to abnormal Wnt-signaling and the presence of

numerous levels at which this pathway is controlled,

including inhibition. For example, Axin2 has been impli-

cated in feedback repression of the Wnt signal (Leung et

al., 2002). Also, extracellular molecules such as secreted

Frizzled Related Proteins, Dickkopf-1, and Cerberus have

been shown to antagonize Wnt signaling (Glinka et al.,

1998; Leyns et al., 1997; Piccolo et al., 1999). Intracellular

signaling proteins such as Gsk-3h, Axin, and Adenomatous

Polyposis Coli (APC), all of which are involved in forming

a complex with h-catenin and targeting it for degradation,
form another set of molecules implicated in negatively

regulating Wnt signaling (Barker and Clevers, 2000; Kim

et al., 1999). These and other regulators together provide

very precise control over how Wnt signaling is deployed.

In addition to the essential roles of the inhibition of Wnt-

signaling in development, when the Wnt pathway is

deregulated in humans the consequences are severe and

often lead to mortality. For example, mutations in the

human orthologue of APC leads to colorectal cancer (Bienz

and Clevers, 2000; Polakis, 2000), while the AXIN1 gene

has been reported to be mutated in hepatocellular carcino-

mas and medulloblastomas (Dahmen et al., 2001; Satoh et

al., 2000).

Our studies suggest that col is required to specifically

negatively regulate Wnt signaling. Many aspects of the col

mutant phenotype such as defects in early dorsoventral

patterning of the embryo and anterior–posterior patterning

of the neuroectoderm are consistent with previously

reported defects resulting from excess Wnt signaling. Ac-

cordingly, the injection of negative regulators of Wnt

signaling are able to partially rescue the col mutant pheno-

type. Further, by reducing early and later Wnt signaling

events using wnt8 and wnt8b morpholinos, we are able to

rescue distinct aspects of the col mutant phenotype. Thus,

although it is also possible that col defines the expression

territories of other genes such as wnt8 and bmp4, the

phenotype rescue activity of wnt8 and wnt8b morpholinos

is consistent with col regulating the Wnt signaling pathway

itself.

In addition to the upregulation of Wnt activity, col

mutants also exhibit ectopic expression of wnt8 in the dorsal

midline where it is normally not expressed. Expression of

wnt8b is also increased in col mutants. How the col

mutation results in the increased expression of both wnt8

and wnt8b is not yet clear, but an interesting possibility is

that col might function as a transcriptional repressor of wnt8

and wnt8b. However, we cannot rule out a myriad of

potential indirect influences of the col mutation on wnt

expression and activity ranging from disruption of shield

development to alterations in the expression of other genes,

including dkk1 (Hashimoto et al., 2000). It is also possible

that col directly inhibits Wnt activity by disrupting ligand–

receptor interactions or intracellular signaling. Identification

and analysis of the gene whose function is disrupted by the

col mutation will be critical to evaluating these and other

potential mechanisms of col function.

col plays a role in the specification of dorsoventral fates

col mutants display a mild ventralized phenotype. They

possess reduced neural tissue, an accumulation of cells in

the blood island and in the tailbud region and also show

excess cell death in the ventral yolk region. Ventralized

mutants have enlarged tailbuds due to the inability of these

cells to engage in normal convergence and extension move-

ments (Myers et al., 2002). Conversely, dorso-anterior-
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derived cardiac mesoderm is reduced. Similar phenotypes

are observed in other ventralized mutants such as chordino

and mercedes (Hammerschmidt et al., 1996). These defects

are apparent at gastrulation with reductions in the expression

of dorsally expressed genes in the ectoderm and shield-

specific genes. In contrast, there is an expansion of the

expression of ventralizing signals. Ventralization of the

ectoderm results in a loss of neural tissue and an expansion

of epidermal cell fates. This raises the possibility that col is

involved in limiting the effects of ventralizing factors, such

as BMPs, in the ectoderm. Our results, however, suggest

that the effect on BMPs is likely to be indirect since the

overexpression of chordin does not result in a significant

rescue shield or neural patterning phenotypes of col mutant

embryos, although a partial rescue of mesodermally derived

tissues was observed. Therefore, we support the hypothesis

that the effect on BMPs is a secondary consequence of the

disruption of organizer development in col mutants since the

shield is a source of BMP antagonists (reviewed in Graff,

1997).

Although very early in development the Wnt pathway is

involved in inducing organizer formation, at late blastula

stages Wnt signaling inhibits organizer development (Hop-

pler et al., 1996). This is supported by studies with boz

mutants, where it has been demonstrated that inhibition of

Wnt signaling by boz is required for maintaining induced

organizer tissue (Fekany-Lee et al., 2000). Organizer induc-

tion in col mutants was found to be normal whereas

maintenance of organizer tissue was defective. The over-

activation of Wnt signaling at late blastula stages in col

mutants might then explain the disruption of organizer

development, resulting in decreased levels of organizer-

specific genes such as gsc. This explanation is supported

by our analysis where we have demonstrated that blocking

excess Wnt8 activity in col mutants using wnt8 MO is able

to rescue the organizer phenotype. Hence, these results

indicate that col functions to limit the activity of Wnt8

and maintain organizer fate either directly or through

interactions with other molecules. It is also important to

note here that our results suggest that boz acts upstream of

col since overexpression of boz is unable to rescue the col

mutant phenotype and boz expression is unaffected in col

mutants.

col inhibition of Wnt signaling limits global and regional

posteriorization of the neuroectoderm

col mutants display truncated development of anterior

neural structures. This phenotype has been consistently

observed in most mutants for components of the Wnt

pathway. boz mutants show defects in the development of

forebrain and midbrain (Fekany-Lee et al., 2000); hdl

mutants completely lack eyes, the forebrain, and part of

the midbrain (Kim et al., 2000); and mbl mutants have

reduced or absent eyes and telencephalon (Heisenberg et

al., 2001). However, a striking aspect of the posteriorized
phenotype in the brain of col mutants is that the expansion

of posterior cell fates occurs within regional subdivisions

of the prospective brain. So, within the forebrain, we

observe a reduction in telencephalic fates and an expan-

sion of the more caudal diencephalon; in the midbrain–

hindbrain region, there is a drastic reduction in the

midbrain and an accompanying expansion of the cerebel-

lum. Although a similar phenotype has been noted in the

case of mbl, the regionalized posteriorization in this

mutant is restricted to the forebrain region (Heisenberg

et al., 2001).

Transplantation experiments done by Woo and Fraser

(1997) suggest that planar signals from lateral mesendoder-

mal cells are responsible for posteriorization of the neuro-

ectoderm and data from studies done by Erter et al. (2001)

indicate that this signal is or requires Wnt8. They also

propose that specification of cell fates along the neuraxis

is controlled by graded activity of Wnt8. Hence, in the more

anterior regions of the brain anlage, there is high activity of

Wnt antagonists that block Wnt8 activity and therefore

allows specification of forebrain fates, while caudally along

the neuraxis Wnt8 activity progressively increases and cells

take on more posterior neural fates. This then divides the

neuraxis broadly into forebrain, midbrain, and hindbrain

regions (see Nieuwkoop et al., 1952).

Subsequent to the initial patterning of the neural plate,

these territories are further subdivided by local patterning

events. In a recent study, Houart et al. (2002) identified tlc,

a Wnt antagonist expressed at the anterior neural border.

tlc promotes the development of the telencephalon by

antagonizing the effects of a later acting Wnt

ligand,Wnt8b, expressed in the caudal diencephalon and

at the MHB (Kelly et al., 1995). They propose that the

local activation of genes by the early Wnt8 signal within

the already specified territories regulate regional pattern-

ing. Thus, Wnt8 is responsible for specifying the initial

positional values along the neuroectoderm and regional

patterning would involve a further refinement of these AP

positional values by the activation of later acting Wnt

ligands, such as Wnt8b, Wnt antagonists, and interactions

between these genes. Our characterization of col is con-

sistent with these results since we are able to restore

anterior forebrain development with wnt8 MO, and rescue

the regional patterning defects by blocking excess Wnt8b

activity.

Taken together, our results suggest a dual role for col.

First, col plays an early role in promoting the specification

of dorso-anterior cell fates by antagonizing Wnt8 activity.

Second, col plays a later role in regional patterning of the

neuroectoderm by interfering with the posteriorizing activity

of late acting Wnts such as Wnt8b. These studies, therefore,

suggest that col function may provide a critical link inte-

grating early and late Wnt signaling activity during the

establishment of the vertebrate body plan. In addition, given

the pleiotropic nature of the col mutant phenotype and the

involvement of other Wnt family members in early embry-
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onic patterning, col likely antagonizes signaling by other

Wnts during development.
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