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Nodal signaling regulates specification of ascidian peripheral
neurons through control of the BMP signal
Yukio Ohtsuka§, Jun Matsumoto, You Katsuyama* and Yasushi Okamura‡

ABSTRACT
The neural crest and neurogenic placodes are thought to be a
vertebrate innovation that gives rise tomuch of the peripheral nervous
system (PNS). Despite their importance for understanding chordate
evolution and vertebrate origins, little is known about the evolutionary
origin of these structures. Here, we investigated the mechanisms
underlying the development of ascidian trunk epidermal sensory
neurons (ESNs), which are thought to function as mechanosensory
neurons in the rostral-dorsal trunk epidermis. We found that trunk
ESNs are derived from the anterior and lateral neural plate border, as
is the case in the vertebrate PNS. Pharmacological experiments
indicated that intermediate levels of bone morphogenetic protein
(BMP) signal induce formation of ESNs from anterior ectodermal
cells. Gene knockdown experiments demonstrated that HrBMPa
(60A-subclass BMP) and HrBMPb (dpp-subclass BMP) act to induce
trunk ESNs at the tailbud stage and that anterior trunk ESN
specification requires Chordin-mediated antagonism of the BMP
signal, but posterior trunk ESN specification does not. We also found
that Nodal functions as a neural plate border inducer in ascidians.
Nodal signaling regulates expression of HrBMPs and HrChordin in
the lateral neural plate, and consequently specifies trunk ESNs.
Collectively, these findings show that BMP signaling that is regulated
spatiotemporally by Nodal signaling is required for trunk ESN
specification, which clearly differs from the BMP gradient model
proposed for vertebrate neural induction.
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INTRODUCTION
The vertebrate peripheral nervous system (PNS) originates from the
neural crest and neurogenic placodes, which arise at the boundary
between the neural plate and non-neural ectoderm and become a
multipotent migratory cell population (LeDouarin and Kalcheim,
1999). Studies of several vertebrates have led to the identification of
neural crest specifiers (e.g. Snail family), pre-placodal specifiers
(e.g. Six and Eya family) and inductive signaling molecules such as
bone morphogenetic protein (BMP), fibroblast growth factor (FGF),
Wnt and Notch (Grocott et al., 2012; Meulemans and Bronner-
Fraser, 2004). Moreover, comparison of protochordate and

vertebrate gene expression patterns suggests that the neural crest
and neurogenic placodes did not arise de novo in vertebrates, but
originated from the neural plate border in the common ancestor of
protochordates and vertebrates (Imai et al., 2004; Mazet et al., 2005;
Sauka-Spengler et al., 2007; Yu et al., 2008). To gain more insight
into the evolution of the PNS, comparison of the mechanisms
underlying the development of the PNS among chordates is
essential.

Tunicates are the sister group of vertebrates and are expected to
provide information about the transition between invertebrates and
vertebrates (Bourlat et al., 2006; Delsuc et al., 2006, 2008). An
experimental advantage of the ascidian system is that the larval body
plan is relatively simple, and that the cell cleavage pattern is
essentially invariant (Nishida, 1987), which enables us to discern
precisely the mechanisms governing cell fate specification at the
cellular and molecular levels. Ascidian larvae have a dorsal tubular
central nervous system (CNS), which is derived from the anterior
animal (a4.2), posterior animal (b4.2) and anterior vegetal (A4.1)
blastomeres in eight-cell stage embryos (Fig. 1). The a4.2-derived (a-
line) cells give rise to the palp and anterior part of the sensory vesicle,
whereas the posterior neural tube arises from b4.2-derived (b-line)
and A4.1-derived (A-line) cells. Neural induction in a-line and b-line
cells is known to occur through direct cell contact with A-line cells,
and FGF9/16/20 has been identified as the neural inducer (Bertrand
et al., 2003;Miyazaki et al., 2007). In addition,Nodal signaling favors
the lateral fate of the neural plate during gastrulation (Hudson and
Yasuo, 2005). The ascidian PNS is mainly composed of epidermal
sensory neurons (ESNs), which may function as mechanosensory
neurons (Torrence and Cloney, 1982). The cell bodies of ESNs lie in
the rostral-dorsal epidermis of the trunk and midline epidermis of the
tail with long processes extending to the cuticular fin (Ohtsuka et al.,
2001b; Takamura, 1998). Previous studies onCiona intestinalis have
shown that caudal ESNs are derived from the b4.2 and that caudal
ESN formation is controlled by FGF, Nodal, anti-dorsalizing
morphogenetic protein (ADMP) and Delta/Notch (Hudson and
Lemaire, 2001; Pasini et al., 2006). However, it was not determined
when and where these signaling pathways play roles in ESN
specification.

In the present study, we investigated the mechanisms underlying
the development of trunk ESNs in Halocynthia roretzi, another
ascidian species. We previously identified gelsolin as an ESN
marker and demonstrated that the interaction between a-line
and A-line cells induces trunk ESN specification (Ohtsuka et al.,
2001a,b). We now report, based on cell lineage studies using a
combination of DiI labeling and immunostaining with anti-gelsolin
antibody, that trunk ESNs are derived from the anterior and lateral
neural plate border, as is the case for the vertebrate PNS. Gene
knockdown experiments showed that moderate levels of BMP
activity induce trunk ESNs at the tailbud stage, and that Chordin-
mediated antagonism of the BMP signal is only required for anterior
trunk ESN specification. We also show that Nodal signalingReceived 17 March 2014; Accepted 10 August 2014
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controls the BMP signal required for trunk ESN specification. These
results highlight the roles of Nodal and BMP signaling during
neural patterning.

RESULTS
The origins of trunk ESNs
We initially carried out cell lineage analyses to begin to understand
the mechanisms governing trunk ESN specification at the cellular
and molecular levels. We individually labeled anterior lateral neural
plate cells a8.25 and a8.26 with DiI at the 110-cell stage (Fig. 2A),
and then immunostained the resultant larvae using an antibody
against gelsolin, an ESN marker. When a8.25 was labeled with DiI,
the signals were detected in the sensory vesicle containing pigment
cells (otolith and ocellus), as previously reported (Nishida, 1987),
but not in trunk ESNs (Fig. 2B,C). In DiI labeling of the a8.26
lineage, the labeled cells were found in dorsal epidermis of the
trunk, and gelsolin expression was found in just two posterior cells
(Fig. 2D), which reveals that a lateral neural plate cell, a8.26, gives
rise to two posterior trunk ESNs (Fig. 2G). Next, to identify the
origin of anterior trunk ESNs, we labeled the non-neural ectoderm
cells a8.21 and a8.27, which are adjacent to the anterior neural plate
(Fig. 2A). In both cases, DiI signals were detected in the
anterolateral trunk epidermis (Fig. 2E,F). Immunostaining for
gelsolin showed that a8.27 gives rise to two anterior trunk ESNs and
that a8.21 gives rise to the anterior-most trunk ESN (Fig. 2E-G).

Thus, anterior trunk ESNs are derived from the non-neural
ectoderm. In addition, the DiI labeling of the descendants of
a8.21, a8.26 and a8.27 showed that the cell fate of trunk ESN was
restricted to a9.41, a9.51 and a9.53 at the late gastrula stage
(supplementary material Fig. S1). We conclude that trunk ESN
precursors border the neural plate anteriorly and laterally, as in the
vertebrate PNS.

Moderate BMP activity is required for ESN specification
In vertebrates, BMP signaling is known to induce neural crest and
neurogenic placodes (Grocott et al., 2012; Meulemans and Bronner-
Fraser, 2004). To determine whether ESN specification requires
BMP ligands, we first investigated the effect of BMP on isolated
animal blastomeres. Pairs of animal blastomeres (a4.2 or b4.2) were
isolated and continuously treated with recombinant human BMP4
from the 16-cell stage to the larval stage. By itself, BMP4 never
induced ESNs in either explant (Fig. 3). Then, we examined the
effects of combining BMP4 with bFGF, because bFGF is known to
induce neural differentiation (Inazawa et al., 1998; Ohtsuka et al.,
2001a). Treatment with BMP4 plus bFGF induced ESNs in a4.2
explants when the BMP4 concentration was 20 ng/ml or 50 ng/ml.
A higher BMP4 concentration (100 ng/ml) had no apparent effect
on ESN formation, suggesting that moderate BMP activity induces
ESNs in bFGF-treated a-line cells. Interestingly, in b-line explants,
BMP4 has little effect on ESN specification, even with bFGF

Fig. 1 . The cell lineage of the ascidian larval CNS. Neural
lineages are indicated as follows: a-line cells, red and pink; A-line
cells, blue; b-line cells, green. A late-gastrula embryo is shown in
neural plate view. In the 8-cell, 32-cell, early-gastrula stage and
larval embryos, the anterior is towards the left. A schematic
diagram of the neural plate at the late gastrula stage is also shown.
Each square represents a neural plate cell (red, pink, blue or
green) or adjacent non-neural ectodermal cell (white), and I-VI
indicate the row numbers. Blastomere names are indicated on the
left of the diagram. The neural fates of a-line and b-line cells are
specified by FGF9/16/20 emanating from A-line cells (Bertrand
et al., 2003; Miyazaki et al., 2007). During gastrulation, Nodal
signaling promotes the lateral fate of the neural plate (Hudson and
Yasuo, 2005). Consequently, the a-line cells give rise to the palp
and the anterior part of the sensory vesicle, and the posterior
neural tube arises from the b-line and A-line cells. The pigment
cells, otolith and ocellus are known to be derived from a9.49.

Fig. 2. Cell lineage of trunk ESNs. (A) A schematic anterior
view of a 110-cell stage embryo in which the neural plate
comprises 12 a-line cells (red and pink), eight A-line cells (blue)
and four b-line cells (green). (B-F) Merged confocal
fluorescence and different interference contrast (DIC) images of
DiI-labeled larvae immunostained with AS23. Each blastomere,
a8.25 (n=23, B,C), a8.26 (n=28, D), a8.27 (n=25, E) or a8.21
(n=16, F) was labeled with DiI at the 110-cell stage. Arrows
indicate the DiI-labeled otolith (B) and ocellus (C). Arrowheads
indicate cells in which DiI and gelsolin were colocalized. Scale
bar: 200 μm. (G) A fate map of trunk ESNs (yellow circles). Two
posterior trunk ESNs arise from a8.26, two anterior trunk ESNs
arise from a8.27 and the anterior-most trunk ESN arises from
a8.21.
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(Fig. 3), suggesting that the competence of b-line cells to respond to
BMP/FGF ligands may be different from that of a-line cells.
To confirm that ESN specification requires BMP signaling in vivo,

we carried out knockdown experiments usingMOs. TwoBMPgenes,
HrBMPa and HrBMPb, have been isolated from Halocynthia (Miya

et al., 1997, 1996). We injected HrBMPaMO, HrBMPbMO or a
negative control MO (StdMO) into fertilized eggs. StdMO-injected
larvae exhibited normal development (Fig. 4A). By contrast, injection
of HrBMPaMO caused inhibition of tail elongation, loss of trunk
ESNs, and a reduction in number of caudal ESNs in the dorsal region
(Fig. 4B,F). Injection ofHrBMPbMOalso caused a reduction in trunk
and caudal ESNs, but the effect was somewhat milder than that seen
with HrBMPaMO (Fig. 4C,G). Co-injection of exogenous HrBMP
RNAs with MOs at the one-cell stage reversed these effects of MOs,
suggesting specificity of our MO-mediated knockdown experiments
(supplementarymaterial Table S1). Theweak recovery in these rescue
experimentsmay be due to awide range of defects in morphants and a
reduction of ESNs that probably comes from injection of an excess
amount of HrBMP RNAs (see below). These findings indicate
that BMP ligands are required for ESN formation in both the trunk
and tail. Next, to determine the source of the BMP ligands mediating
trunk ESN specification, we injected MOs into a4.2 or A4.1, because
formation of trunk ESNs requires interaction between a-line and
A-line cells (Ohtsuka et al., 2001a). In both HrBMPaMO or
HrBMPbMO, injection into a4.2 caused a complete loss of trunk
ESNs, whereas injection into A4.1 caused no significant defect in
trunk ESN formation (supplementary material Fig. S2). Thus,
HrBMPa and HrBMPb originating from a-line cells are required for
trunk ESN specification.

Then, we investigated whether high levels of BMP inhibit ESN
formation in vivo. Injection of HrBMPb RNA markedly suppressed
ESN formation in all areas except the tail tip (Fig. 4E,H). Likewise,
overexpression ofHrBMPa diminished ESN formation (Fig. 4D,H).
Taken together, these results indicate that moderate levels of BMP
activity are required for specification of ESNs.

Anterior trunk ESN specification depends on expression of
HrChordin in a-line cells
To investigate the effect of the BMP antagonist Chordin on ESN
specification, we injected HrChordinMO into fertilized eggs. In
HrChordin morphants, ESN formation was diminished in the
anterior region of the trunk but not in the tail (Fig. 5A,C), and this

Fig. 3. Induction of ESNs in a4.2 explants by BMP4. (A) Expression of
gelsolin in a4.2 (left) and b4.2 (right) explants treated from the 16-cell stage
with 50 ng/ml BMP4 (top) or a combination of 50 ng/ml BMP4 plus 100 ng/ml
bFGF (bottom). Arrowheads indicate gelsolin-positive ESNs. Scale bar:
200 μm. (B) Histograms showing the ratios of a4.2 (left) and b4.2 (right)
explants with gelsolin-positive ESNs after treatment with BMP4 plus bFGF
from the 16-cell stage.

Fig. 4. Effects of HrBMP MOs and exogenous
RNAs on ESN formation. (A-E) Gelsolin
expression in larvae after injection of StdMO (A),
HrBMPaMO (B), HrBMPbMO (C), 0.5 g/l
HrBMPa RNA (D) or 1.0 g/l HrBMPb RNA (E) at
the one-cell stage. Arrowheads and arrows
indicate cell bodies of ESNs in the trunk and
tail, respectively. Scale bar: 200 μm.
(F-H) Histograms showing the average numbers
of gelsolin-positive ESNs in larvae after injection
of HrBMPaMO (F), HrBMPbMO (G) or 1.0 g/l
GFP and HrBMP RNAs (H) at the one-cell stage.
Data are mean±s.e.m. n.s. indicates P>0.05;
***P<0.001.
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phenotype was reversed by co-injection of exogenous HrChordin
RNA (supplementary material Table S1). To confirm the cellular
source of HrChordin affecting trunk ESN specification, we injected
HrChordinMO into a4.2 or A4.1. Injection into a4.2 resulted in the
loss of three anterior trunk ESNs, whereas injection into A4.1
had little effect on trunk ESN formation (supplementary material
Fig. S3), demonstrating that expression of HrChordin in a-line cells
is required for anterior trunk ESN specification. We subsequently
assessed whether reducing BMP activity by exogenous Chordin
would induce ESN formation. When HrChordin RNAwas injected
into fertilized eggs, ectopic ESNs were found near adhesive
papillae, at the anterior-most part of the trunk (43.6%; Fig. 5B,D).

Thus, inhibition of BMP signaling by HrChordin contributes to
ESN specification in the anterior trunk.

Nodal signaling is required for ESN specification
It has been shown that, in ascidians, Nodal regulates gene
expression in the lateral border of the neural plate, which contains
a posterior trunk ESN precursor, a8.26 (Fig. 1; Hudson and Yasuo,
2005). To determine whether Nodal signaling is required for trunk
ESN specification in non-neural ectodermal cells, a8.21 and a8.27,
we carried out gene-knockdown experiments. When HrNodalMO
was injected into fertilized eggs, their larval phenotypes were very
similar to those of HrBMPs morphants (Fig. 6A). Injection of

Fig. 5. Effects of HrChordin knockdown and
overexpression on ESN formation. (A,B) Expression of
gelsolin in larvae after injection of HrChordinMO (A) or
HrChordin RNA (B). Arrowheads and arrows indicate cell
bodies of ESNs in the trunk and tail, respectively. Scale
bars: 200 μm. (C,D) Histograms showing the average
numbers of gelsolin-positive ESNs in larvae after injection of
HrChordinMO (C) or HrChordin RNA (D). Data are mean±
s.e.m. n.s. indicates P>0.05; *P<0.05; ***P<0.001.

Fig. 6. Effects of perturbing Nodal signaling on ESN
formation. (A-E) Expression of gelsolin in larvae after
injection of HrNodalMO (A) or 5 mg/l (B) or 50 mg/l (C)
HrNodal RNA at the one-cell stage, and treatment with 5 μM
SB431542 from the 16-cell stage (D) or the 110-cell stage (E).
Arrowheads and arrows indicate cell bodies of ESNs in the
trunk and tail, respectively. White arrows indicate ectopically
induced ESNs. Scale bar: 200 μm. (F-H) Histograms
showing the average numbers of gelsolin-positive ESNs in
larvae after injection of MO (F) or RNA (G), and treatment with
SB431542 from the 16-cell, 110-cell or neurula stage (H).
Data are mean±s.e.m. n.s. indicates P>0.05; **P<0.01;
***P<0.001.
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HrNodalMO led to a complete loss of ESNs from the trunk and a
reduction in ESN number in the tail (Fig. 6A,F), which suggests that
Nodal signaling is required for ESN specification in the anterior
trunk and tail as well as the posterior trunk. To confirm that the
Nodal signal induces ESN formation, we injected exogenous
HrNodal RNA into fertilized eggs. When a low concentration
(5 mg/l) of HrNodal RNA was administered, the number of trunk
ESNs varied among individuals. Although there was no statistically
significant difference in the average number of trunk ESNs between
larvae overexpressing HrNodal and those expressing GFP
(Fig. 6G), more than 10 ESNs were detected in 28.6% of the
HrNodal-injected larvae (Fig. 6B) but in none of the GFP-injected
larvae. Injection of a high concentration (50 mg/l) ofHrNodal RNA
led to the formation of ectopic ESNs in the tail (Fig. 6C). These
results indicate that Nodal signaling does induce ESN formation in
both the trunk and tail. However, no ESNs were detected in the
trunk after injection of a high concentration of HrNodal RNA
(Fig. 6C,G), indicating that specification of trunk ESNs requires
only moderate levels of Nodal signal.
To determine when Nodal signaling is required for ESN

formation, a Nodal signal inhibitor, SB431542, was applied at
different stages. When embryos were continuously treated with
SB431542 from the 16-cell stage to the larval stage, the larval
phenotypes were very similar to those of the HrNodal morphants
(Fig. 6D); i.e. ESNs were completely lost from the trunk and the
number was markedly reduced in the tail (Fig. 6D,H). However,
SB431542 treatment from the 110-cell stage (initiating stage of
gastrulation) or the neurula stage caused only a mild change in
morphology (Fig. 6E,H). With treatment from the 110-cell stage,
ESNs were occasionally observed in the trunk region, and the
number of caudal ESNs was recovered (Fig. 6E,H). With treatment
from the neurula stage, the number of ESNs was further increased in
the trunk (Fig. 6H). These results suggest that induction of trunk and

caudal ESN formation by Nodal signaling may start at the gastrula
stage and continue until the neurula stage.

Nodal signaling controls expression of BMPs and Chordin in
the lateral neural plate
To determine whether BMP is the downstream mediator of Nodal
signaling leading to trunk ESN formation, we assessed the
expression patterns of BMP signaling molecules in late gastrula
embryos injected with HrNodal RNA or treated with SB431542.
During normal development, HrChordin is expressed in a9.51 and
a9.52 in the neural plate (Darras and Nishida, 2001; Fig. 7A,D), but
treatment with SB431542 resulted in loss of HrChordin expression
in the neural plate (Fig. 7B,D). By contrast, injection with HrNodal
RNA induced ectopic expression of HrChordin in rows V and VI
(Fig. 7C,D). HrBMPa is normally expressed in lateral A-line neural
plate cells (A9.29, A9.30, A9.31 and A9.32) and a-line neural
plate cells, except for a9.34 and a9.38 (Miya et al., 1996; Fig. 7E,H).
In SB431542-treated embryos, however, HrBMPa expression was
repressed in a9.50 and lateral A-line neural plate cells (Fig. 7F,H).
In embryos overexpressing HrNodal, HrBMPa was ectopically
expressed in A-line neural plate cells and was markedly
downregulated in a-line cells (Fig. 7G,H). Finally, HrBMPb is
expressed in lateral A-line neural plate cells of control embryos
(Miya et al., 1997; Fig. 7I,L). The inhibition of Nodal signaling
resulted in the loss of HrBMPb expression, whereas enhancing
Nodal signaling caused ectopic expression ofHrBMPb in rows I and
II (Fig. 7J-L). Taken together, these results show that Nodal
signaling controls expression of both HrChordin and HrBMPa in
the a-line lateral neural plate.

Trunk ESN formation requiresHrBMPb expressed in a-line cells;
however, at the late gastrula stage, HrBMPb is not expressed in
a-line cells. Therefore, we examined its expression at the tailbud
stage. In control embryos, HrBMPb was expressed in epidermal

Fig. 7. Nodal signaling regulates HrChordin and HrBMPs expression. Whole-mount in situ hybridization reveals expression of HrChordin (A-D), HrBMPa
(E-H) andHrBMPb (I-L) in late gastrula embryos. (A,E,I) Control embryos treatedwith DMSO. (B,F,J) Embryos treated with 5 μMSB431542 from the 16-cell stage.
(C,G,K) Embryos injected with 50 mg/l HrNodal RNA at the one-cell stage. Arrowheads indicate blastomeres downregulated (blue) or upregulated (red) by
SB431542 and HrNodal RNA. Scale bar: 200 μm. (D,H,L) Schematic diagrams of the neural plate illustrating the results of the expression analyses. Colored
squares represent positive cells.
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cells in the anterior-most region and in cells in the anterior part of
the CNS (Miya et al., 1997; Fig. 8B,I). Tyrosinase activity showed
that HrBMPb-expressing cells in the dorsal region correspond to
a9.49-derived cells (Fig. 8A-C). In addition, whole-mount in situ
hybridization with DiI-labeled embryos demonstrated that the
HrBMPb-expressing cells in the anterior-most region were derived
from the palp precursors, a9.36, a9.40, part of a9.35 (possibly
a10.70) and part of a9.39 (possibly a10.78) (Fig. 8D-H). When
treated with SB431542, HrBMPb expression was reduced in
pigment cell precursors and was expanded in the anterior-most
region (100%; Fig. 8J). To identify HrBMPb-expressing cells in
SB431542-treated embryos, we carried out cell-lineage analysis
using cleavage-arrested embryos. When cell cleavage was arrested
from the late gastrula stage to the early tailbud stage, control
embryos expressed HrBMPb in a9.36, a9.40 and a9.49 (100%;

Fig. 8L), whereas in SB431542-treated embryos, HrBMPb
expression was lost from a9.49 and ectopically was present in
a9.52 (55.6%; Fig. 8M). These results show that Nodal signaling
induces HrBMPb expression in a9.49-derived cells but inhibits
expression in the lateral neural plate. However, injection ofHrNodal
RNA led to a marked reduction in HrBMPb expression in both the
anterior-most region and in tyrosinase-active cells (100%; Fig. 8K).
This suggests that Nodal signaling controls expression of HrBMPb
dose dependently in a-line cells of tailbud embryos.

Nodal signaling specifies the fate of the lateral neural plate
To determine whether Nodal signaling is required for specification
of the lateral neural plate, we investigated the expression of a lateral
neural plate marker, HrPax-37, in late gastrula embryos. HrPax-37
is normally expressed in a-line and b-line lateral neural plate cells
(Wada et al., 1997; Fig. 9A,D). Inhibition of Nodal signaling
resulted in the loss of HrPax-37 expression, whereas enhancement
of Nodal signaling caused ectopic expression of HrPax-37 in the
a-line neural plate (Fig. 9B-D), suggesting that Nodal signaling
specifies the lateral fate of the neural plate. To further determine the
role of Nodal signaling in neural patterning, we examined
the expression of a neural marker, HrETR-1, and an epidermal
marker, HrEpiC. In DMSO-treated control embryos, HrETR-1 was
expressed in a-line and A-line neural plate cells, except for a9.51,
a9.52 and A9.31 (Fig. 9E,H). In SB431542-treated embryos,
however,HrETR-1 expression was also detected in a9.51, a9.52 and
A9.31 (Fig. 9F,H). By contrast, embryos overexpressing HrNodal
expressed HrETR-1 only in row II (Fig. 9G,H). HrEpiC is normally
expressed in entire epidermis and is weakly detected in a-line lateral
neural plate cells (Fig. 9I,L). In SB431542-treated embryos,
HrEpiC expression disappeared from the lateral neural plate
(Fig. 9J,L), whereas in embryos injected with HrNodal RNA,
HrEpiC was ectopically expressed in the a-line neural plate,
particularly in rows V and VI (Fig. 9K,L). These results suggest that
Nodal signaling may negatively regulate the medial (brain/palp) fate
in the lateral neural plate.

DISCUSSION
Mechanisms for specifying trunk ESNs
We identified the trunk ESN precursors and ESN-inducing cells in
Halocynthia embryos, and demonstrated that four signaling
molecules, FGF, Nodal, BMP and Chordin, are required for trunk
ESN specification. Our findings provide a detailed description of the
cell-cell interactions and signal transductions taking place during
trunk ESN specification. Trunk ESN specification may occur in at
least three phases with distinct signaling requirements (Fig. 10): (1)
neuralization of the ectoderm by FGF signal; (2) specification of the
neural plate border by Nodal and an unknown signal from the neural
plate; and (3) specification of trunk ESNs by BMP signal. First, FGF
signaling fromA-line cells promotes adoption of a neural fate in a-line
cells and induces expression of Nodal in b-line cells (Bertrand et al.,
2003; Hudson and Yasuo, 2005). Next, Nodal signaling converts
frommedial neural (brain/palp) fate to lateral neural fate. In the a-line
lateral neural plate, Nodal signaling induces the expression of the
epidermal marker, HrEpiC, as well as the lateral neural plate marker,
HrPax-37, and it suppresses the expression of the neural maker
HrETR-1 in rows VI and V. We propose here that an unknown signal
from the neural platemay specify the anterior neural plate border. This
can help to explain why BMP4 by itself has no effect on ESN
formation in a4.2 explants. During specification of the neural plate
border, Nodal signaling also regulates expression of BMP signaling
molecules in the lateral neural plate. In a9.49 descendants, Nodal

Fig. 8. Nodal signaling regulates HrBMPb expression in the trunk.
(A-C) HrBMPb expression and tyrosinase activity at the tailbud stage. Arrows
indicate tyrosinase-active cells. Expression of HrBMPb was detected in
tyrosinase-active cells, which were derived from the pigment cell precursor
a9.49 (arrows), and in epidermal cells in the anterior-most region
(arrowheads). Scale bar: 200 μm. (D-G) HrBMPb expression in the DiI-labeled
embryos. Each blastomere, a9.35 (n=17, D), a9.36 (n=21, E), a9.39 (n=29, F)
or a9.40 (n=17, G) was labeled with DiI at the late gastrula stage. Tailbud
embryos are shown in frontal views, with the dorsal at the top. Arrows indicate
tyrosinase-active cells; arrowheads indicate epidermal cells in the anterior-
most region. Scale bar: 200 μm. (H) The frontal epidermis fate map of tailbud
embryo, based on the results shown in D-G. HrBMPb is expressed in the palp
precursors (red). Yellow circles indicate the putative positions of trunk ESN
precursors. (I-M) Expression ofHrBMPb in tailbud embryos treated with DMSO
(I,L) or 5 μM SB431542 (J,M) from the 16-cell stage, and injected with 50 mg/l
HrNodal RNA at the one-cell stage (K). (L,M) Cleavage-arrested embryos
treated with cytochalasin D from the neural plate stage. Arrowheads indicate
downregulation (blue) and upregulation (red) of HrBMPb expression by
inhibition of Nodal signaling. Scale bar: 200 μm.
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signaling induces HrBMPb expression, whereas in a9.51 and a9.52
descendants, it promotes HrChordin expression and suppresses
HrBMPb expression.HrBMPb expression in rows VI and V is linked
to adoption of the palp fate. Because it was reported that palp

induction requires FGF signaling (Hudson et al., 2003), it is likely that
FGF signaling upregulates HrBMPb expression in rows VI and
V. This speculation is consistent with our result that bFGF by itself
induces ESNs in a4.2 explants. Finally, balanced BMP signals

Fig. 9. Nodal signaling is required for specification of the lateral neural plate. Expression of HrPax-37 (A-D), HrETR-1 (E-H) and HrEpiC (I-L) in late
gastrula embryos. (A,E,I) Control embryos treated with DMSO. (B,F,J) Embryos treated with 5 μM SB431542 from the 16-cell stage. (C,G,K) Embryos injected
with 50 mg/l HrNodal RNA at the one-cell stage. Scale bar: 200 μm. (D,H,L) Schematic diagrams of the neural plate illustrating the results of the expression
analyses. Colored squares show positive cells. HrEpiC expression was frequently undetectable in rows III and IV (pink).

Fig. 10. Schematic models for neural patterning in ascidians and vertebrates. (Top) Summary of Halocynthia trunk ESN specification (right side).
Neural lineages are indicated as follows: a-line cells, red and pink; A-line cells, blue; b-line cells, green. Each square represents a neural plate cell (red, pink and
green) or adjacent non-neural ectodermal cell (white). A blue square represents A-line cells. Blastomere names are indicated on the left half of the drawing. Nodal
and an unknown signal from neural plate promote the lateral neural fate (yellow) and neural border fate (gray). The lateral neural plate gives rise to pigment
cells (PC) and tail nerve cord (TNC), and the neural plate border gives rise to ESNs (E), which requires BMP signaling. (Bottom) Summary of signaling involved in
induction of neural crest (left side) and pre-placodal region (right side) from the ‘Binary competence model’ (Schlosser, 2006). FGFs, Wnts and BMPs induce
neural crest (yellow) at the edge of neural plate (red), while FGFs together BMP and Wnt antagonists induce the pre-placodal region (gray) at the border
between neural plate and non-neural ectoderm (white).
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regulated by Nodal signaling induce trunk ESNs in the anterior and
lateral neural plate border regions. It appears that HrBMPa-HrBMPb
heterodimers could act to specify trunk ESNs, because MO-mediated
gene knockdown revealed that HrBMPa and HrBMPb play
equivalent roles in trunk ESN formation. This is strongly supported
by findings in Drosophila and zebrafish that BMP heterodimers
signal synergistically through heteromeric type I receptor complexes
during embryonic pattering, but BMP homodimers do not (Little and
Mullins, 2009; Shimmi et al., 2005). We also suggest that the
inducing sources of the BMP signal are a9.36 and a9.49 descendants.
These descendants express both HrBMPa and HrBMPb, and are
adjacent to trunk ESN precursors (Fig. 8H). We propose here that
BMP ligands from a9.36 descendants act on a9.41 and a9.53
descendants to specify anterior trunk ESNs and that BMP ligands
from a9.49 descendants induce posterior trunk ESNs in a9.51
descendants. HrChordin knockdown studies indicated that anterior
trunk ESN specification requires BMP/Chordin antagonism, but
posterior trunk ESN specification is Chordin independent, suggesting
that trunk ESN specification involves two distinct mechanisms.
Our findings show developmental similarities between ascidian

trunk ESNs and vertebrate neural crest and placodes. The ‘Binary
competence model’ has recently been proposed as a model for
induction of the neural crest and pre-placodal region (for a review,
see Grocott et al., 2012; Schlosser, 2006) (Fig. 10). In this model,
neural induction initially occurs by signals from the organizer
containing FGFs, Wnt antagonists and BMP antagonists. It follows
that the dorsal ectodermal region acquires the competence to form
the neural plate and neural crest. Induction of the neural crest
occurs by activation of FGF and Wnt signaling, and inhibition of
BMP signaling from the dorsolateral mesoderm, and the later
maintenance requires BMP andWnt signals from tissues adjacent to
the neural crest (LaBonne and Bronner-Fraser, 1998; Steventon
et al., 2009). The placodes develop from non-neural ectoderm cells
near the border of the neural plate, in which FGFs together BMP and
Wnt antagonists from neural plate and/or endomesoderm promote
induction of the pre-placodal region, whereas canonical Wnt and
BMP signaling prevents pre-placodal gene expression (Ahrens and
Schlosser, 2005; Litsiou et al., 2005). Specification of posterior
trunk ESNs is similar to that of the neural crest. Posterior trunk
ESNs develop from the lateral neural plate cell a9.51, in which BMP
signals from the neural plate induce posterior trunk ESNs, as in the
vertebrate neural crest. However, specification of anterior trunk
ESNs is similar to that of the pre-placodal region. We showed that
anterior trunk ESNs develop from non-neural ectodermal cells,
a9.41 and a9.53, like vertebrate placodes. In addition, a BMP
antagonist Chordin from the lateral neural plate promotes induction
of anterior trunk ESNs, whereas high levels of BMP signal inhibit
this induction. However, in terms of gene expression, a9.51 is more
similar to a placodal cell than neural crest cell. In Ciona, a lateral
neural plate cell a9.51 expresses the pre-placodal markers, Six1/2
and Six3/6, but not neural crest markers, and neither a9.41 nor a9.53
expresses pre-placodal and neural crest markers (Imai et al., 2004;
Mazet et al., 2005). In the meantime, there are also clear differences
between trunk ESN precursors and vertebrate neural crest and
placodal cells. Our cell lineage analyses showed that trunk ESN
precursors may lack migratory abilities. It is known in Ciona that
trunk ESN precursors express none of downstream genes of BMP
signaling involved in vertebrate neural plate border specification,
such as Msxb, Dlx and FoxI (Imai et al., 2004; Mazet et al., 2005).
Possibly, trunk ESNs could share a common origin with neural crest
and placodes, and genetic changes in cells at the neural plate border
led the emergence of vertebrate neural crest and placodes.

Mechanisms for specifying caudal ESNs
We also elucidated the developmental mechanisms for caudal ESN
specification, and showed that they differ from the mechanisms for
trunk ESNs and vary widely among regions. In the tail tip, ESN
formation is independent of HrNodal, HrBMPa and HrBMPb.
Conversely, in the dorsal midline of the tail, FGF/Nodal and BMP
signaling are involved in caudal ESN specification, as in trunk ESN
specification. Overexpression ofHrNodal, however, induces caudal
ESNs in both the neural and non-neural ectoderm (Fig. 6C), which
suggests that adoption of a neural fate by FGF is not necessarily
involved in caudal ESN specification. Furthermore, in the dorsal
midline, it appears that caudal ESN specification requires another
inductive signal in addition to FGF/Nodal and BMP, because
treatment of b4.2 explants with BMP4 and bFGF has little effect on
ESN formation. Our earlier study showed that ESN induction from
b-line cells requires an interaction between b-line cells and B-line
cells (Ohtsuka et al., 2001a). This suggests that the inductive signal
for specifying caudal ESN formation may originate from B-line
cells.

Our findings in Halocynthia are clearly different from previous
results reported for Ciona, where either bFGF or BMP4 applied to
b4.2 explants was shown to induce caudal ESN formation, and FGF/
Nodal and BMP signals induced caudal ESNs in the dorsal and
ventral midline, respectively (Pasini et al., 2006). This difference
may result from the distinct expression of BMP ligands between
Halocynthia and Ciona. InHalocynthia,HrBMPa andHrBMPb are
expressed in the dorsal and ventral midline of tailbud embryos
(Miya et al., 1997, 1996), but theirCiona orthologs,Ci-BMP2/4 and
Ci-BMP5/7-like, are not (Imai et al., 2004). Here, we suggest that
FGF/Nodal and BMP signals coordinate to induce caudal ESN
formation in Halocynthia but do so independently in Ciona. In fact,
Halocynthia larvae intrinsically lack caudal ESNs in ventral
midline, where MAPK activation is not detected (Nishida, 2003).
It seems that the competence to respond to a BMP signal is reduced
in the b4.2 explant of a Halocynthia embryo and that this
competence is regulated by an inductive signal from B-line cells
before the tailbud stage. Comparison of the Halocynthia and Ciona
gene expression patterns would lead to identification of the
competent factors and novel inductive signals involved in caudal
ESN formation.

Evolutionarily conserved roles of Nodal and BMPs in PNS
formation
Our results show that Nodal signaling specifies the lateral neural
plate fate and regulates dorsal PNS formation via BMP signaling in
ascidians. In amphioxus, Nodal/Vg1 signaling regulates expression
of Chordin and specifies the anterior/dorsal ectoderm (Onai et al.,
2010). Similarly, in sea urchin, Nodal signaling induces expression
of BMP2/4 and Chordin in the ectoderm, and Chordin-mediated
inhibition of BMP2/4 restricts ciliary band fate at the boundary
between the dorsal and ventral ectoderm (Bradham et al., 2009;
Lapraz et al., 2009; Saudemont et al., 2010). Thus, it seems that
Nodal/BMP signaling in ancestor deuterostomes may control
medial-lateral (ventral-dorsal) patterning of the nervous system.
However, there is relatively little evidence in vertebrates that Nodal
signaling governs neural patterning during early development,
although it is well known to be essential for specification of primary
body axes and for formation of the mesoderm and endoderm (Shen,
2007). Vertebrate Nodal is expressed in the organizer, whereas
ascidian and sea urchin Nodal genes are expressed in the ectoderm
and endoderm (Bessodes et al., 2012; Chea et al., 2005; Morokuma
et al., 2002). In amphioxus, Nodal is also expressed maternally in
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addition to the zygotical expression in the dorsal blastopore lip that
is considered to be the equivalent of vertebrate organizer (Onai
et al., 2010; Yu et al., 2007). Changes in the spatial expression of
Nodal are likely to have contributed to evolutionary divergence in
Nodal function.
In vertebrates, neural patterning depends on BMP activity: high

levels ofBMPactivity induce epidermis, intermediate levels of activity
induce neural crest and low levels of activity adapt neural plate (Faure
et al., 2002; Nguyen et al., 1998; Tríbulo et al., 2003). The gradient of
BMPactivity is generated by the secretion ofBMPantagonists such as
Chordin from the organizer (Ben-Zvi et al., 2008). Similarly, in
amphioxus and fruit fly, BMP signaling is reportedly involved
in neural-epidermal segregation and specification of dorsal nervous
system containing PNS (Dorfman and Shilo, 2001; Lu et al., 2012;
Rusten et al., 2002; Yu et al., 2008, 2007). In ascidians, however, it is
likely thatBMPsignaling is required forPNS formationbut not neural-
epidermal segregation. A previous study showed that overexpression
of HrBMPb and HrChordin affects expression of HrEpiC and
specification of pigment cells, but not specification of the brain lineage
(Darras and Nishida, 2001). This finding, together with our present
study, suggests that expression of BMP ligands in the neural plate
border region is necessary to promote PNS formation. Presumably,
BMP activity may be maintained at a low level throughout the
ectodermduring gastrulation andmaybe induced in theneural plate by
FGF and Nodal signaling. In ascidian embryos with a very small cell
number, inductive events appear to occur by direct cell contact.
Therefore, it is plausible that ascidians might have evolved to use the
spatiotemporal regulation of the BMP signal by FGF/Nodal signaling
to specify sensory neurons. Such a loss of neural-epidermal
segregation has been reported in hemichordates and annelids.
Within those organisms, neuroectodermal patterning is positively
regulated by BMP signaling. Administration of BMP4 to these
embryos results in expanded expression of sensory neuron markers
and dorsal midline markers into entire ectoderm (Denes et al., 2007;
Lowe et al., 2006). Taken together, these findings suggest that the role
of BMP signaling in PNS formation is conserved among bilaterians.

MATERIALS AND METHODS
Animals and embryos
Adult ascidians, Halocynthia roretzi, were purchased from fishermen in
Sanriku and Asamushi, Japan. Spawned eggs were fertilized with non-self
sperm and allowed to develop in Millipore-filtered seawater or artificial
seawater (Jamarin-U; Jamarin Laboratory) at 7°C or 10°C. Cleavage was
inhibited using 0.5 μg/ml cytochalasin D (Sigma-Aldrich), after which the
cleavage-arrested embryos were cultured until the tailbud stage. The isolated
blastomeres were cultured in 0.5% agarose wells filled with 0.1% BSA in
Jamarin-U-containing recombinant bovine bFGF (Progen) and/or
recombinant human BMP4 (R&D Systems) until unoperated sister
embryos developed into swimming larvae. To investigate the role of
Nodal signaling, embryos were treated with 5 μM SB431542 (Sigma-
Aldrich), an inhibitor of ALK4/5/7, until they were fixed, as described
previously for Ciona embryos (Hudson and Yasuo, 2005). As a control,
embryos were cultured in 0.1% DMSO in filtered seawater.

Histochemistry, immunohistochemistry and in situ hybridization
Whole-mount immunohistochemistry and in situ hybridizationwere performed
as described previously (Ohtsuka et al., 2001a; Wada et al., 1995).
Immunostaining for gelsolin, an ESN marker, was carried out using the
AS23 monoclonal antibody. DIG-labeled RNA probes for gelsolin (Ohtsuka
et al., 2001a), HrBMPa (Miya et al., 1996), HrBMPb (Miya et al., 1997),
HrChordin (Darras andNishida, 2001),HrPax-37 (Wada et al., 1997),HrEpiC
(Ueki et al., 1991) and HrETR-1 (Yagi and Makabe, 2001) were synthesized
using a DIG RNA-labeling Kit (Roche). The signal was detected by staining
with NBT/BCIP or Fast Red (Roche). To detect tyrosinase enzymatic activity,

embryos were fixed overnight at 4°C in 4% paraformaldehyde in buffer
containing 0.5 M NaCl and 0.1 M MOPS (pH 7.5). They were then washed
with 16 mM sodium phosphate buffer (pH 7.4) before incubation in the same
buffer containing 4 mM 3,4-dihydroxy-L-phenylalanine (DOPA) at 37°C.
After the tyrosinase reaction, the embryos were dehydrated in methanol and
subjected to whole-mount in situ hybridization.

Lineage analysis and microinjection
Microinjection was carried out as previously described (Okada et al., 2002).
For lineage tracing, the blastomere was labeled with DiI [DiIC18(3),
Molecular Probes] at the gastrula stage as previously described (Nakatani
et al., 1999). To determine the trunk ESN lineage, the DiI-labeled larvae
were fixed with 4% paraformaldehyde in PBS for 10 min at room
temperature and then incubated in 1 mg/ml digitonin in PBS overnight at
4°C. After washing with PBS, the larval tunic was manually removed from
each larva using needles and the larvae were immunostained with AS23.
The specimens were examined using laser scanning confocal microscopy
(Zeiss LSM5 PASCAL). Serial optimal sections were taken at 10 μm
intervals, and a three-dimensional image was reconstructed using the
software supplied with the LSM5. To identify lineages of HrBMPb-
expressing cells, the DiI-labeled tailbud embryos were fixed for
whole-mount in situ hybridization. After DOPA staining and treatment
with 1 mg/ml digitonin in PBS for 10 min, the embryos were subjected to
whole-mount in situ hybridization without using detergents. Overlays of
pictures were created using Adobe Photoshop.

Morpholino antisense oligos (MOs)
MOs for HrNodal (Tokuoka et al., 2007), HrBMPa, HrBMPb and
HrChordin were purchased from Gene Tools. Their sequences were
as follows: HrNodalMO, 5′-TAGCAGGTAGGTAGAATAGAAGAAT-3′;
HrBMPaMO, 5′-TCTTTCTCCTCCACTCATCTTGTTC-3′; HrBMPbMO,
5′-CATGTCCCTTCAACGTGTGATCTCC-3′; HrChordinMO, 5′-ACT-
TCGCTAATCGACGAGATCCCAT-3′.

MOs other than HrNodalMOwere injected at 0.5 mM; HrNodalMOwas
injected at 0.25 mM. Standard control morpholino-oligo (StdMO; Gene
Tools) served as a negative control.

Synthetic RNA
Plasmids for in vitro transcription of HrNodal (Morokuma et al., 2002)
and HrChordin (Darras and Nishida, 2001) were kindly provided by
Dr H. Nishida (Osaka University). To generate expression plasmids for
HrBMPa and HrBMPb, the full open reading frames were amplified using
the following primers: for HrBMPa, 5′-TTTAAGGCGGCCGCGA-
TGAGTGGAG-3′ and 5′-TTTGAGCTCGAGGGATGCGC-3′; and for
HrBMPb, 5′-TCACACGCGGCCGCGACATGTTTAC-3′ and 5′-TGCGT-
CTCGAGACTACCGAC-3′.

The PCR products were cloned into the pSD64TR vector (kindly
provided by Dr T. Snutch, University of British Columbia). Capped RNAs
were synthesized using a MEGAscript SP6 Kit (Ambion), after which poly
(A) tails were added using a Poly(A) tailing Kit (Ambion).
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Pasini, A., Amiel, A., Rothbächer, U., Roure, A., Lemaire, P. and Darras, S.
(2006). Formation of the ascidian epidermal sensory neurons: insights into the
origin of the chordate peripheral nervous system. PLoS Biol. 4, e225.

Rusten, T. E., Cantera, R., Kafatos, F. C. and Barrio, R. (2002). The role of TGF
beta signaling in the formation of the dorsal nervous system is conserved between
Drosophila and chordates. Development 129, 3575-3584.

Saudemont, A., Haillot, E., Mekpoh, F., Bessodes, N., Quirin, M., Lapraz, F.,
Duboc, V., Röttinger, E., Range, R., Oisel, A. et al. (2010). Ancestral regulatory
circuits governing ectoderm patterning downstream of Nodal and BMP2/4
revealed by gene regulatory network analysis in an echinoderm. PLoS Genet.
6, e1001259.

Sauka-Spengler, T., Meulemans, D., Jones, M. and Bronner-Fraser, M. (2007).
Ancient evolutionary origin of the neural crest gene regulatory network. Dev. Cell
13, 405-420.

Schlosser, G. (2006). Induction and specification of cranial placodes. Dev. Biol.
294, 303-351.

Shen, M. M. (2007). Nodal signaling: developmental roles and regulation.
Development 134, 1023-1034.

Shimmi, O., Umulis, D., Othmer, H. and O’Connor, M. B. (2005). Facilitated
transport of a Dpp/Scw heterodimer by Sog/Tsg leads to robust patterning of the
Drosophila blastoderm embryo. Cell 120, 873-886.

Steventon, B., Araya, C., Linker, C., Kuriyama, S. and Mayor, R. (2009).
Differential requirements of BMP and Wnt signalling during gastrulation and
neurulation define two steps in neural crest induction. Development 136,
771-779.

Takamura, K. (1998). Nervous network in larvae of the ascidian Ciona intestinalis.
Dev. Genes Evol. 208, 1-8.

Tokuoka, M., Kumano, G. and Nishida, H. (2007). FGF9/16/20 and Wnt-5alpha
signals are involved in specification of secondary muscle fate in embryos of the
ascidian, Halocynthia roretzi. Dev. Genes Evol. 217, 515-527.

Torrence, S. A. and Cloney, R. A. (1982). Nervous system of ascidian larvae:
caudal primary sensory neurons. Zoomorphology 99, 103-115.

Trıb́ulo, C., Aybar, M. J., Nguyen, V. H., Mullins, M. C. and Mayor, R. (2003).
Regulation of Msx genes by a Bmp gradient is essential for neural crest
specification. Development 130, 6441-6452.

3898

RESEARCH ARTICLE Development (2014) 141, 3889-3899 doi:10.1242/dev.110213

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.110213/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.110213/-/DC1
http://dx.doi.org/10.1016/j.ydbio.2005.07.022
http://dx.doi.org/10.1016/j.ydbio.2005.07.022
http://dx.doi.org/10.1038/nature07059
http://dx.doi.org/10.1038/nature07059
http://dx.doi.org/10.1016/S0092-8674(03)00928-0
http://dx.doi.org/10.1016/S0092-8674(03)00928-0
http://dx.doi.org/10.1016/S0092-8674(03)00928-0
http://dx.doi.org/10.1371/journal.pgen.1003121
http://dx.doi.org/10.1371/journal.pgen.1003121
http://dx.doi.org/10.1371/journal.pgen.1003121
http://dx.doi.org/10.1371/journal.pgen.1003121
http://dx.doi.org/10.1038/nature05241
http://dx.doi.org/10.1038/nature05241
http://dx.doi.org/10.1038/nature05241
http://dx.doi.org/10.1038/nature05241
http://dx.doi.org/10.1016/j.ydbio.2009.01.027
http://dx.doi.org/10.1016/j.ydbio.2009.01.027
http://dx.doi.org/10.1016/j.ydbio.2009.01.027
http://dx.doi.org/10.1002/dvdy.20549
http://dx.doi.org/10.1002/dvdy.20549
http://dx.doi.org/10.1006/dbio.2001.0339
http://dx.doi.org/10.1006/dbio.2001.0339
http://dx.doi.org/10.1006/dbio.2001.0339
http://dx.doi.org/10.1038/nature04336
http://dx.doi.org/10.1038/nature04336
http://dx.doi.org/10.1038/nature04336
http://dx.doi.org/10.1002/dvg.20450
http://dx.doi.org/10.1002/dvg.20450
http://dx.doi.org/10.1016/j.cell.2007.02.040
http://dx.doi.org/10.1016/j.cell.2007.02.040
http://dx.doi.org/10.1016/j.cell.2007.02.040
http://dx.doi.org/10.1016/j.cell.2007.02.040
http://dx.doi.org/10.1006/dbio.2002.0579
http://dx.doi.org/10.1006/dbio.2002.0579
http://dx.doi.org/10.1006/dbio.2002.0579
http://dx.doi.org/10.1016/j.ydbio.2012.06.028
http://dx.doi.org/10.1016/j.ydbio.2012.06.028
http://dx.doi.org/10.1016/j.ydbio.2012.06.028
http://dx.doi.org/10.1016/S0925-4773(00)00528-1
http://dx.doi.org/10.1016/S0925-4773(00)00528-1
http://dx.doi.org/10.1242/dev.01688
http://dx.doi.org/10.1242/dev.01688
http://dx.doi.org/10.1242/dev.00200
http://dx.doi.org/10.1242/dev.00200
http://dx.doi.org/10.1242/dev.00200
http://dx.doi.org/10.1242/dev.00200
http://dx.doi.org/10.1242/dev.01270
http://dx.doi.org/10.1242/dev.01270
http://dx.doi.org/10.1242/dev.01270
http://dx.doi.org/10.1242/dev.01270
http://dx.doi.org/10.1111/j.1469-7793.1998.347bh.x
http://dx.doi.org/10.1111/j.1469-7793.1998.347bh.x
http://dx.doi.org/10.1111/j.1469-7793.1998.347bh.x
http://dx.doi.org/10.1371/journal.pbio.1000248
http://dx.doi.org/10.1371/journal.pbio.1000248
http://dx.doi.org/10.1371/journal.pbio.1000248
http://dx.doi.org/10.1242/dev.01964
http://dx.doi.org/10.1242/dev.01964
http://dx.doi.org/10.1242/dev.01964
http://dx.doi.org/10.1038/ncb1870
http://dx.doi.org/10.1038/ncb1870
http://dx.doi.org/10.1038/ncb1870
http://dx.doi.org/10.1371/journal.pbio.0040291
http://dx.doi.org/10.1371/journal.pbio.0040291
http://dx.doi.org/10.1371/journal.pbio.0040291
http://dx.doi.org/10.1371/journal.pbio.0040291
http://dx.doi.org/10.1242/dev.073833
http://dx.doi.org/10.1242/dev.073833
http://dx.doi.org/10.1242/dev.073833
http://dx.doi.org/10.1242/dev.073833
http://dx.doi.org/10.1016/j.ydbio.2005.02.021
http://dx.doi.org/10.1016/j.ydbio.2005.02.021
http://dx.doi.org/10.1016/j.ydbio.2005.02.021
http://dx.doi.org/10.1016/j.devcel.2004.08.007
http://dx.doi.org/10.1016/j.devcel.2004.08.007
http://dx.doi.org/10.1016/0925-4773(96)00545-X
http://dx.doi.org/10.1016/0925-4773(96)00545-X
http://dx.doi.org/10.1016/0925-4773(96)00545-X
http://dx.doi.org/10.1016/0925-4773(96)00545-X
http://dx.doi.org/10.1007/s00427-006-0129-9
http://dx.doi.org/10.1007/s00427-006-0129-9
http://dx.doi.org/10.1007/s00427-006-0129-9
http://dx.doi.org/10.1007/s00427-002-0242-3
http://dx.doi.org/10.1007/s00427-002-0242-3
http://dx.doi.org/10.1007/s00427-002-0242-3
http://dx.doi.org/10.1006/dbio.1998.8927
http://dx.doi.org/10.1006/dbio.1998.8927
http://dx.doi.org/10.1006/dbio.1998.8927
http://dx.doi.org/10.1006/dbio.1998.8927
http://dx.doi.org/10.1016/0012-1606(87)90188-6
http://dx.doi.org/10.1016/0012-1606(87)90188-6
http://dx.doi.org/10.1016/0012-1606(87)90188-6
http://dx.doi.org/10.1046/j.1440-169X.2003.00672.x
http://dx.doi.org/10.1046/j.1440-169X.2003.00672.x
http://dx.doi.org/10.1006/dbio.2001.0425
http://dx.doi.org/10.1006/dbio.2001.0425
http://dx.doi.org/10.1007/s004270100134
http://dx.doi.org/10.1007/s004270100134
http://dx.doi.org/10.1006/dbio.2002.0585
http://dx.doi.org/10.1006/dbio.2002.0585
http://dx.doi.org/10.1006/dbio.2002.0585
http://dx.doi.org/10.1016/j.ydbio.2010.05.016
http://dx.doi.org/10.1016/j.ydbio.2010.05.016
http://dx.doi.org/10.1016/j.ydbio.2010.05.016
http://dx.doi.org/10.1371/journal.pbio.0040225
http://dx.doi.org/10.1371/journal.pbio.0040225
http://dx.doi.org/10.1371/journal.pbio.0040225
http://dx.doi.org/10.1371/journal.pgen.1001259
http://dx.doi.org/10.1371/journal.pgen.1001259
http://dx.doi.org/10.1371/journal.pgen.1001259
http://dx.doi.org/10.1371/journal.pgen.1001259
http://dx.doi.org/10.1371/journal.pgen.1001259
http://dx.doi.org/10.1016/j.devcel.2007.08.005
http://dx.doi.org/10.1016/j.devcel.2007.08.005
http://dx.doi.org/10.1016/j.devcel.2007.08.005
http://dx.doi.org/10.1016/j.ydbio.2006.03.009
http://dx.doi.org/10.1016/j.ydbio.2006.03.009
http://dx.doi.org/10.1242/dev.000166
http://dx.doi.org/10.1242/dev.000166
http://dx.doi.org/10.1016/j.cell.2005.02.009
http://dx.doi.org/10.1016/j.cell.2005.02.009
http://dx.doi.org/10.1016/j.cell.2005.02.009
http://dx.doi.org/10.1242/dev.029017
http://dx.doi.org/10.1242/dev.029017
http://dx.doi.org/10.1242/dev.029017
http://dx.doi.org/10.1242/dev.029017
http://dx.doi.org/10.1007/s004270050147
http://dx.doi.org/10.1007/s004270050147
http://dx.doi.org/10.1007/s00427-007-0160-5
http://dx.doi.org/10.1007/s00427-007-0160-5
http://dx.doi.org/10.1007/s00427-007-0160-5
http://dx.doi.org/10.1007/BF00310303
http://dx.doi.org/10.1007/BF00310303
http://dx.doi.org/10.1242/dev.00878
http://dx.doi.org/10.1242/dev.00878
http://dx.doi.org/10.1242/dev.00878


Ueki, T., Makabe, K. W. and Satoh, N. (1991). Isolation of cDNA clones for
epidermis-specific genes of the ascidian embryo.Dev.Growth Differ. 33, 579-586.

Wada, S., Katsuyama, Y., Yasugi, S. and Saiga, H. (1995). Spatially and
temporally regulated expression of the LIM class homeobox gene Hrlim suggests
multiple distinct functions in development of the ascidian, Halocynthia roretzi.
Mech. Dev. 51, 115-126.

Wada, H., Holland, P. W. H., Sato, S., Yamamoto, H. and Satoh, N. (1997). Neural
tube is partially dorsalized by overexpression of HrPax-37: the ascidian
homologue of Pax-3 and Pax-7. Dev. Biol. 187, 240-252.

Yagi, K. and Makabe, K. W. (2001). Isolation of an early neural maker gene
abundantly expressed in the nervous system of the ascidian, Halocynthia roretzi.
Dev. Genes Evol. 211, 49-53.

Yu, J.-K., Satou, Y., Holland, N. D., Shin, I. T., Kohara, Y., Satoh, N., Bronner-
Fraser, M. and Holland, L. Z. (2007). Axial patterning in cephalochordates and
the evolution of the organizer. Nature 445, 613-617.

Yu, J.-K., Meulemans, D., McKeown, S. J. and Bronner-Fraser, M. (2008).
Insights from the amphioxus genome on the origin of vertebrate neural crest.
Genome Res. 18, 1127-1132.

3899

RESEARCH ARTICLE Development (2014) 141, 3889-3899 doi:10.1242/dev.110213

D
E
V
E
LO

P
M

E
N
T

http://dx.doi.org/10.1111/j.1440-169X.1991.00579.x
http://dx.doi.org/10.1111/j.1440-169X.1991.00579.x
http://dx.doi.org/10.1016/0925-4773(95)00359-9
http://dx.doi.org/10.1016/0925-4773(95)00359-9
http://dx.doi.org/10.1016/0925-4773(95)00359-9
http://dx.doi.org/10.1016/0925-4773(95)00359-9
http://dx.doi.org/10.1006/dbio.1997.8626
http://dx.doi.org/10.1006/dbio.1997.8626
http://dx.doi.org/10.1006/dbio.1997.8626
http://dx.doi.org/10.1007/s004270000118
http://dx.doi.org/10.1007/s004270000118
http://dx.doi.org/10.1007/s004270000118
http://dx.doi.org/10.1038/nature05472
http://dx.doi.org/10.1038/nature05472
http://dx.doi.org/10.1038/nature05472
http://dx.doi.org/10.1101/gr.076208.108
http://dx.doi.org/10.1101/gr.076208.108
http://dx.doi.org/10.1101/gr.076208.108


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


