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A B S T R A C T

In the sea urchin embryo, Nodal is the earliest known signal to play a role in the specifica-

tion of the oral ectodermal territory. Nodal, a TGF-beta ligand, is first expressed in the pre-

sumptive oral ectoderm at �7 H of development. Nodal overexpression produces a

distinctive bell-shaped phenotype with expanded oral ectoderm, which resembles the oral-

ized phenotype obtained as a result of nickel (Ni) treatment. To date, a detailed analysis of

gene expression in Ni-treated embryos has not been undertaken. Because treatment with

cobalt (Co) produces similar results to those seen with Ni treatment in other systems, we

were interested in determining how Co influences sea urchin embryonic development.

Here we report that Co also induces oralization of the ectoderm, and the effects of Ni

and Co depend on functional Nodal signaling. Although both metals upregulate nodal gene

expression, they do not initiate nodal transcription precociously. Analysis of the perturba-

tion of Nodal receptor function suggests that Ni and Co contribute to nodal upregulation in

the absence of nodal autoregulation, but cannot fully oralize the ectoderm in the absence of

Nodal signaling.

� 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Nodal is a member of the activin subfamily of transform-

ing growth factor-beta (TGF-beta) signaling molecules. In ver-

tebrates, Nodal plays a highly conserved role in a number of

developmental processes including mesoderm induction

and patterning, axis formation and the establishment of LR

asymmetry (Whitman, 2001; Hamada et al., 2002; Stainier,

2002). The nodal gene has not been identified in the protosto-

mes, Caenorhabditis elegans and Drosophila melanogaster, but

has been identified in sea urchins and urochordates, suggest-

ing that Nodal signaling is unique to deuterstomes (Chea

et al., 2005).

Nodal executes multiple functions during sea urchin

development, it has been shown to be a key signal in organiz-

ing the embryonic dorsoventral (D/V) or oral–aboral (OA) axis

(Duboc et al., 2004; Flowers et al., 2004), to play a role in the

establishment of left-right asymmetry (Duboc et al., 2005)

and in the determination of neuronal fates (Yaguchi et al.,

2006, 2007). It has been reported that inhibition of Nodal sig-

naling by morpholino antisense oligonucleotide (MASO)

microinjection results in a failure in ectoderm specification

(Duboc et al., 2004), in contrast, global overexpression of nodal

causes oralization of the ectoderm (Duboc et al., 2004; Flowers

et al., 2004).

The function of Nodal in early sea urchin development has

been the subject of numerous investigations including two re-

cent analyses of nodal transcriptional regulation. The nodal

gene has two distinct cis-regulatory regions involved in the

initiation and maintenance of transcription (Nam et al.,
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2007; Range et al., 2007). Once nodal transcription is initiated,

nodal transcripts become amplified and are maintained

through an autoregulatory feedback loop involving Smad fac-

tors, leading to the rapid accumulation of nodal transcripts

(Nam et al., 2007). While the initiation of nodal transcription

in the sea urchin has not been studied as extensively, there

is evidence that redox signaling may be involved (Nam

et al., 2007).

Classic experiments more than 60 years ago revealed that

respiratory asymmetry influenced ectoderm specification

(Pease, 1941, 1942a,b). Since changes in respiration can influ-

ence redox state, this suggests that respiratory asymmetry

may influence nodal transcription and ectoderm specification.

In further support for a role for redox and respiratory state

the activity of the mitochondrial enzyme, cytochrome oxi-

dase, was shown to be higher on the presumptive oral side

of the embryo (Czihak,1963, 1971). More recently it was shown

that mitochondria are asymmetrically distributed in the

unfertilized sea urchin egg, that this maternal asymmetry is

maintained in the zygote, and the side with the highest den-

sity of mitochondria tends to form the oral side (Coffman

et al., 2004). If a respiratory asymmetry is induced by cultur-

ing the embryos in tight clusters, a redox gradient is estab-

lished and the oral ectoderm forms on the most oxidative

side (Coffman and Davidson, 2001). Thus, a more oxidative re-

dox state, which is thought to be a consequence of asymmet-

ric accumulation of mitochondria on the oral side, may play a

role in the initiation of Nodal signaling.

It has been proposed that activation of a redox-dependent

transcription factor initiates nodal transcription. This is sup-

ported by the identification of a bZIP binding site in the nodal

gene regulatory region (Nam et al., 2007; Range et al., 2007),

and bZIP transcription factors are known to be redox sensitive

(Amoutzias et al., 2006). Further evidence for redox signaling

stems from demonstration of a requirement for P38 MAPK

(Mitogen-activated protein kinase) upstream of Nodal signal-

ing (Bradham and McClay, 2006). P38 is known to be activated

by redox signaling and to activate bZIP transcription factors

(Clerk et al., 1998; Inoue et al., 2005).

Nickel (Ni) treatment produces the same phenotype as No-

dal overexpression (Duboc et al., 2004; Flowers et al., 2004),

but it is not clear how Ni influences ectoderm specification.

Ni treatment has been shown to generate reactive oxygen

species (ROS) in tissue culture cells leading to oxidative stress

(Kawanishi et al., 2002; Cavallo et al., 2003; Pourahmad et al.,

2003). Ni treatment can also stabilize hypoxia inducible fac-

tors (Namiki et al., 1995; Salnikow et al., 2000; Maxwell and

Salnikow, 2004) in human cell lines. Cobalt (Co) has similar ef-

fects to Ni in human cell lines including the stabilization of

hypoxia inducible factors (Namiki et al., 1995; Chandel et al.,

1998; Salnikow et al., 2000; Maxwell and Salnikow, 2004),

and generation of ROS (Chandel et al., 1998; Salnikow et al.,

2000; Pourahmad et al., 2003). The ability of Ni and Co to gen-

erate ROS and to stabilize the hypoxia inducible factors sug-

gests that Ni and Co might similarly affect ectoderm

specification by influencing redox signaling and/or the respi-

ratory asymmetry.

Here, we compare the effects of Ni and Co treatments on

the specification of the oral ectoderm by a high-resolution

analysis of their effects on nodal expression at early stages

of development, and by analysis of their effects on the expres-

sion of other oral and aboral ectoderm-specific markers. We

show that the effects of Ni and Co on oral ectoderm specifica-

tion are through Nodal signaling and that these metals share

common features: they depend on Nodal signaling to oralize

the ectoderm; they upregulate nodal transcription at the same

developmental time points; they do not initiate nodal tran-

scription precociously, but they both can influence nodal tran-

scription in the absence of a functional nodal autoregulatory

feedback loop.

2. Results

2.1. Morphological effects of Co treatment

To determine whether Co might have a similar effect as Ni

on ectoderm specification, sea urchin embryos were treated

continuously after fertilization with different concentrations

of CoCl2 ranging from 5 to 750 lM and examined for morpho-

logical effects at the pluteus stage (Pl). As the concentration of

Co increased, the effects on embryonic development in-

creased in a graded manner. At the lowest concentration

tested (Fig. 1B) embryos look morphologically similar to con-

trols (Fig. 1A). Morphological effects of Co treatment were first

detected at 25 lM Co (Fig. 1C) as the embryos lose their pointed

apex. As the Co concentration increases, embryos are progres-

sively shorter along their OA axis and the aboral ectoderm ap-

pears reduced compared to that of control embryos suggestive

of a change in the allocation of ectodermal fates. However,

development of other lineages such as the endoderm and

the skeletogenic mesenchyme does not appear to be adversely

affected at moderate concentrations (50–100 lM) of Co (Fig. 1D

and E). Severe alterations in morphology were observed at

concentrations of 200 and 500 lM Co (Fig. 1F and G). At these

concentrations embryos appear rounded but unlike Ni-treated

embryos, Co-treated embryos do not form a bell-shape, are not

radialized and their gut is oriented towards the oral side as in

control embryos. Bilateral skeletal rods were observed at low

to moderate concentrations of Co (Fig. 1A–D, lower panels),

however, at the highest Co concentrations tested, primary

mesenchyme cells (PMCs) were disorganized and spicule

growth was inhibited (Fig. 1F–H, lower panels). The effect of

Co on spicule growth is distinct from that observed in Ni-trea-

ted embryos, where PMCs are radially arrayed and multiple tri-

radiate spicules are observed (Hardin et al., 1992). At the high-

est concentrations of Co tested, an epithelial thickening devel-

ops on the oral side in the region of the presumptive oral hood

and the archenteron is reduced in size compared to that of

control embryos (Fig. 1G). At 750 lM Co (Fig. 1H), as in higher

concentrations of Ni (500 lM), the endoderm fails to invagi-

nate (Flowers et al., 2004). All these results suggest that both

metals may affect OA axis specification, although Co treat-

ment has a milder effect.

2.2. Co treatment expands the oral ectoderm at the
expense of aboral ectoderm

Co-treated embryos exhibit reduced aboral ectoderm

compared to controls, but the Co phenotype is distinct
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