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Genetic pathways for differentiation of the
peripheral nervous system in ascidians

Kana Waki! Kaoru S. Imai'? & Yutaka Satou'3

Ascidians belong to tunicates, the sister group of vertebrates. Peripheral nervous systems
(PNSs) including epidermal sensory neurons (ESNs) in the trunk and dorsal tail regions of
ascidian larvae are derived from cells adjacent to the neural plate, as in vertebrates. On the
other hand, peripheral ESNs in the ventral tail region are derived from the ventral ectoderm
under the control of BMP signalling, reminiscent of sensory neurons of amphioxus and
protostomes. In this study, we show that two distinct mechanisms activate a common gene
circuit consisting of Msx, Ascl.b, Tox, Delta.b and Pou4 in the dorsal and ventral regions to
differentiate ESNs. Our results suggest that ventral ESNs of the ascidian larva are not directly
homologous to vertebrate PNSs. The dorsal ESNs might have arisen via co-option of the
original PNS gene circuit to the neural plate border in an ancestral chordate.
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eripheral nervous systems (PNSs) include sensory neurons.

In vertebrate embryos, PNSs arise from the border of the

neural plate!™. Cranial neural crest cells and placodes
contribute to the cranial PNS, whereas the caudal PNS is thought
to be derived only from neural crest cells. In anamniote embryos,
additional mechanosensory neurons called Rohon-Beard sensory
neurons are also formed from the neural plate border>®. On the
other hand, in cephalochordates, the most basal chordate group,
in which no neural crest cells or placodes have been identified,
epidermal sensory neurons (ESNs) are found along the entire
length of larval and adult bodies”*8. These ESN's are derived from
the ventral ectodermal region of neurula embryos.

Ciona intestinalis is a member of the tunicates, the closest
relatives of vertebrates. In this species, the palps, which contain
sensory neurons and differentiate at the anterior end of the larva,
are derived from the anterior border of the neural plate’. By
contrast, the pigment cells, which differentiate in the brain, are
derived from the anterolateral border of the neural plate!®.
Indeed, the anterior and anterolateral borders of the neural plate
are suggested to be a rudimentary placode and primitive neural
crest, respectively!!™1>. The posterolateral border of the neural
plate gives rise to the dorsal row of the tail nerve cord and dorsal
epidermis, and ESNs are differentiated from this dorsal epidermis
(Supplementary Fig. 1)!°. In addition to these PNS neurons, the
ascidian larva has ESNs in the ventral region of the tail. A cell
lineage analysis revealed that this ventral region is not derived
from the border of the neural plate!®.

The posterolateral border of the neural plate is induced at the
32-cell stage in a process coordinated by four signalling
molecules!”~22. Fgf9/16/20 signalling activates Otx and Nodal in
a cell pair called b6.5 (Supplementary Fig. 1). Signalling of EfnA.d
(formerly EphrinA-d, renamed according to a recently published
nomenclature rule?3), Gdf1/3-r (called Gdf1/3-like or Orphan
TGFpB 2) and Admp (a bone morphogenetic protein (BMP)-
related ligand) negatively regulates expression of Otx and Nodal.
The Otx transcription factor and Nodal signalling cooperatively
activate expression of Msx (formerly Msxb) and Delta.b (formerly
Delta-like or Delta2)?>*2°. On the other hand, the ventral ESNs are
induced by Admp, which is expressed in the endoderm lining the
ventral ectodermal region'®2°, Although the detailed molecular
mechanisms remain to be elucidated, the ventral ESN lineage cells
also express Msx and Delta.b'®%.

In neural induction of vertebrate embryos, BMPs ne%atively
regulate neural fate, FGFs positively induce neural fate?’~>! and
neural crest and placodes arise from a region at the border of the
neural plate’?. On the other hand, in cephalochordate embryos,
BMPs positively induce ESNs*>. BMP signalling also positively
regulates PNS formation in protostomes, including flies and
annelids*»%>. Thus, in regard to the cell lineage and signalling
necessary for differentiation, the anterior PNS neurons and the
dorsal PNS neurons in Ciona larvae are reminiscent of PNS neurons
in vertebrate embryos, whereas the ventral PNS neurons are
reminiscent of PNS neurons in cephalochordate and protostome
embryos. Given that the innovation of neural crest cells and placodes
is thought to be a key event in the course of evolution from primitive
invertebrate chordates to vertebrates*>%, it is possible that the Ciona
embryo might have both vertebrate-type and invertebrate-type PNS
neurons. In the present study, we dissect a gene circuit involved in
differentiation of ventral ESNs in the Ciona embryo, and compare it
with a gene circuit involved in differentiation of dorsal ESNs for
understanding evolution of PNSs in chordates.

Results
BMP signalling in the ventral ectodermal region. Previous
studies showed that the ventral ectodermal region of the tail is
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induced by a BMP ligand, Admp!'®?>, To determine when and
where this signalling works, we used an antibody against
phosphorylated Smad1/5/8 (pSmad1/5/8). To confirm that this
antibody is immunoreactive against pSmadl/5/8 in ascidian
embryos, we first stained early-tailbud embryos, in which BMP
signalling is active in the ventral trunk region®’. As shown in
Fig. 1g, we detected strong pSmadl/5/8 staining in the ventral
trunk region. In addition, when Bmp2/4 was overexpressed in the
entire epidermis using the Dix.b upstream region, pSmad1/5/8
staining was detected in the entire epidermis (Supplementary
Fig. 2a,c). Conversely, when Noggin, which is an antagonist for
BMP ligands, was overexpressed, pSmad1/5/8 staining was barely
detectable (Supplementary Fig. 2b,d). Thus, this antibody
successfully detected pSmad1/5/8 in ascidian embryos.

As shown in Fig. la-c, we observed strong pSmadl/5/8
staining in two lines of cells of the ventral ectoderm from
the anterior to the posterior end at the late-gastrula stage. We
labelled one of two b4.2 blastomeres of the eight-cell embryo with
Dil to identify the anterior—posterior border, because the tail
ectoderm is derived from a pair of b4.2 cells. The tail region
contained eight pSmadl/5/8-positive rows (Fig. 1c). At the
neurula stage after the next cell division (10th division; most cells
divide laterally), we detected pSmadl/5/8 in the anterior rows
within the b4.2-line ectodermal cells and in the ventral
ectodermal region of the trunk (Fig. 1d-f). The anterior five
rows in the b4.2-line ectoderm contained a strong signal, and two
or three additional rows contained a weaker signal. At the early-
tailbud stage after the next cell division (11th division; most cells
divide along the anterior-posterior axis), we detected a weak
pSmad1/5/8 signal in only three anterior rows of the b4.2-line
ectodermal cells (Fig. 1g-i).

Indeed, pSmad1/5/8 staining at the late-gastrula stage was lost
in embryos injected with a morpholino antisense oligonucleotide
(MO) against Admp (Fig. 2b,d), while it was not affected in
control embryos injected with a control MO against Escherichia
coli lacZ (Fig. 2a,c). Bmp2/4 is activated by Admp signalling in the
ventral trunk epidermis at the tailbud stage’’, and begins to be
expressed in the ventral epidermis at the late-gastrula stage?®. We
examined whether the expression of Bmp2/4 at the late-gastrula
stage is also induced by Admp, and found that Bmp2/4 expression
was lost in Admp morphants (Fig. 2e,f). Because Smad1/5/8 may
be phosphorylated and activated by Bmp2/4 in addition to Admp,
we collectively call signalling of Bmp2/4 and Admp as BMP
signalling hereafter.

Tbx2/3 is required for Msx expression in the ventral region.
Misx is important for differentiation of the dorsal ESNs?>42°, and is
also expressed in the ventral tail ectoderm?®, suggesting that Msx
is also important for differentiation of the ventral ESNs. To
confirm this possibility, we injected a MO against Msx into
fertilized eggs. In the resultant mog%hant embryos, Poud and
Celf3.a (Etr-1), which mark ESNs2638 (see Fig. 7c,e), were not
expressed (Supplementary Fig. 3a,b) in dorsal and ventral ESNs,
except in a few ESNs near the tip of the tail. Because Msx is not
expressed in the most posterior region, it is not surprising that
ESNs near the tip of the tail of Msx morphants expressed Pou4
and Celf3.a. We also found that Pou4 and Celf3.a were ectopically
expressed, when Msx was overexpressed in the entire epidermis
using the Dix.b upstream region (Supplementary Fig. 3c,d).

A previous study showed that expression of Celf3.a in the
ventral ESNs is under the control of BMP signalling'®. In the
present study, we found that expression of Msx in ventral tail
ectoderm was similarly downstream of BMP signalling, because
Msx expression in ventral tail ectoderm was upregulated
in embryos overexpressed with Bmp2/4 using the Dix.b
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Figure 1 | BMP signalling is active in the ventral ectoderm from the late-gastrula to the tailbud stages. One of the posterior animal cells of eight-cell
embryos were labelled with Dil (red) to show the anterior-posterior boundary and left-right boundary. (a,c,d f.g,i) BMP signalling was detected with an
antibody against phosphorylated Smad1/5/8 (green). (b,e,h) DAPI staining shows nuclei (blue) of the embryos shown in a,d and g. Ventral views are
shown in a, b, d, e, g and h, and lateral views are shown in ¢, f and i. Photographs are Z-projected image stacks overlaid in pseudocolour. White and grey
arrowheads in ¢, f and i indicate strong and weak signals, respectively. Scale bar, 100 pm (a). DAPI, 4,6-diamidino-2-phenylindole.

enhancer, and downregulated in embryos overexpressed with
Noggin (Fig. 3a—c).

We next investigated whether Msx began to be expressed at the
same stage as Bmp2/4, which is activated by Admp signalling, as
described above. Although the expression pattern of Msx has
been previously described?®®, we again examined Msx
expression to determine the exact timing of its expression in
ventral ectodermal cells (Fig. 3d-i). Msx was not expressed in the
ventral ectoderm at the late-gastrula stage, and began to be
expressed in the posterior half of the ventral tail ectoderm at the
neurula stage. At the initial-tailbud stage, Msx was expressed in
the entire ventral region of the tail ectoderm. Thus, because its
expression initiates later than that of Bmp2/4, Msx is not likely to
be a direct target of Admp signalling.

To identify candidate genes that are directly regulated by
Admp signalling and regulate Msx expression, we used RNA
sequencing (RNA-seq) to compare gene expression in late-
gastrula embryos treated with recombinant BMP4 or a BMP
inhibitor, dorsomorphin. Five transcription factor genes, includ-
ing Msx, were greatly upregulated in embryos treated with BMP4
and downregulated in embryos treated with dorsomorphin
(Fig. 4a). Nkxtunl (formerly Nkx-A) and NK2-3/5/6 (formerly
NK4) are expressed specifically in ventral epidermis of the trunk
at the tailbud stage, whereas Atoh8 (formerly Net) is not
specifically expressed in the ventral epidermis?®. On the other
hand, Tbx2/3 is expressed in the ventral ectoderm of the
tail?®4041 We therefore determined the exact timing of the
initiation and termination of Tbx2/3 expression (Fig. 4b-g). At
the late-gastrula stage, Tbx2/3 was expressed in the entire ventral

ectoderm (Fig. 4b,c). At the neurula stage, expression of Tbhx2/3
was diminished in the posterior half of the tail ectoderm, and
became weaker in the rest of the ventral ectoderm (Fig. 4d,e). At
the early-tailbud stage, expression of Thx2/3 vanished completely
in the ventral tail ectoderm (Fig. 4fg). Thus, expression of
Tbx2/3 preceded Msx expression. Tbx2/3 was indeed activated by
Bmp signalling, as demonstrated by the observation that it
was ectopically expressed in Bmp2/4-overexpressing embryos
(Fig. 4h).

Next, we injected a Tbx2/3 MO into both of the left and right
b4.2 blastomeres at the eight-cell stage to confirm that Thx2/3
regulated Msx in the tail ectoderm cell-autonomously?® (we did
not injected the MO into fertilized eggs, because Tbx2/3 is also
expressed in non-b-line cells). In these Tbx2/3 morphants, Msx
expression was downregulated in the ventral tail ectoderm of
tailbud embryos, but was unaffected in the dorsal tail ectoderm
(Fig. 4i,j). For a further confirmation, the Thx2/3 MO was injected
into one of the posterior animal cells of eight-cell embryos (b4.2),
Msx expression was lost in the ventral region on the injected side
(Supplementary Fig. 4a,b). Thus, BMP signalling activates Tbx2/3
in the ventral tail ectoderm at the late-gastrula stage, and Tbx2/3
is required for activating Msx.

Although Tbx2/3 is required for Msx expression in the ventral
tail ectoderm, it might be insufficient for Msx expression. This is
because Tbx2/3 messenger RNA (mRNA) injection into fertilized
eggs failed to evoke ectopic expression of Msx (Supplementary
Fig. 5). BMP signalling itself or unidentified factors downstream
of BMP signalling, together with Tbx2/3, might work to activate
Msx.
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Figure 2 | Admp activates Bmp signalling and Bmp2/4 expression in the ventral ectoderm at the late-gastrula stage. (a,b) BMP signalling was detected
with an antibody against phosphorylated Smad1/5/8 (green) (a) in an embryo injected with a control LacZ MO, and (b) in an embryo injected with an
Admp MO. (c,d) DAPI staining shows nuclei (blue) of the embryos shown in a and b. (e f) Expression of Bmp2/4 at the late-gastrula stage is observed in
the ventral ectoderm in an embryo injected with a control LacZ MO (e), while it is lost in an embryo injected with an Admp MO (f). Scale bar, 100 um (a).
The number of embryos examined and the proportion of embryos that each panel represents are shown within the panels. DAPI, 4,6-diamidino-2-
phenylindole.

Ventral view

Lateral view

Figure 3 | Msx is under the control of Bmp signalling, and begins to be expressed in the ventral tail ectoderm at the neurula stage. (a-c) Msx
expression (@) in a control early-tailbud embryo, (b) in an embryo with Bmp2/4 overexpression under the Dix.b enhancer and (c) in an embryo with Noggin
overexpression under the Dix.b enhancer. The white arrowhead indicates the region in which Msx expression is lost. The number of embryos examined and
the proportion of embryos that each panel represents are shown within the panels. (d-i) Msx expression (d,e) at the late-gastrula stage, (fg) neurula stage
and (h,i) initial-tailbud stage. (d,fh) Ventral views and (e,g,i) lateral views are shown. Scale bar, 100 um (a,d).
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Figure 4 | Tbx2/3 is expressed under Bmp signalling and regulates Msx expression in the ventral ectoderm. (a) RNA-seq experiments identified five
transcription factor genes greatly upregulated and downregulated in embryos treated with Bmp4 and dorsomorphin, respectively (P values adjusted for
multiple testing < 0.07, which were calculated by DEseq®Z numbers of sequencing tags for untreated control embryos, Bmp4-treated embryos and
dorsomorphin-treated embryos were 17,408,671, 10,657,653 and 16,157,915, respectively). (b-g) Tbx2/3 expression (b,c) at the late-gastrula stage,
(d,e) neurula stage and (f,g) early-tailbud stage. Expression in the ventral ectoderm is indicated by arrowheads. Note that Thx2/3 is also expressed in the
notochord (noto), nerve cord (nc), brain (br) and palps (p). (h) Thx2/3 expression is expanded throughout the entire epidermal region of embryos with
Bmp2/4 overexpression under the control of the upstream sequence of Dix.b. (i,j) MOs against (i) LacZ and (j) Tbx2/3 were injected into the left and right
posterior animal cells (b4.2) of eight-cell embryos. While Msx expression was not affected (i) in embryos injected with the LacZ MO and (j) in the dorsal
region of Thx2/3 morphant embryos (black arrowheads), it was greatly reduced in the ventral region of Thx2/3 morphant embryos (white arrowhead).
Scale bar, 100 um (b). The number of embryos examined and the proportion of embryos that each panel represents are shown in h-j. All embryos are
shown with anterior to the left.

Asclb and Tox are activated by Msx in the tail ectoderm. the dorsal ectoderm, where dorsal ESNs differentiate’>, and
Because Ascl.b (achaete-scute family bHLH transcription factor-b;  because these two genes are also expressed in ventral tail
formerly Ash2) and Tox (TOX high-mobility group box family —ectoderm?®, we investigated the possibility that Msx regulates the
member; formerly CAGF9) are activated downstream of Msx in  expression of these two genes in the ventral tail ectoderm.
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Expression of these two genes in the ventral tail ectoderm was
not detectable at the late-gastrula or neurula stage, and began at
the tailbud stage in normal embryos (Fig. 5a-1). These genes were
strongly expressed in the ventral tail ectoderm, except for several
cells near the trunk-tail border at the initial-tailbud stage. At the
early-tailbud stage, both genes began to be expressed throughout
the tail ventral ectoderm. Thus, expression of AscLb and Tox
began later than Msx expression.

We first confirmed that injection of the control MO did not
affect expression of Asclb and Tox (Fig. 6a,b). Next, we injected a
MO against Tbx2/3 into both of the left and right b4.2
blastomeres. In the resultant morphant embryos, expression of
Asclb and Tox in the tail ventral ectoderm was greatly reduced,

Neurula

Ascl.b expression
Ventral view

Tox expression
Ventral view Lateral view

Lateral view

Delta.b expression
Lateral view

Initial tailbud

whereas expression of the two genes in the dorsal ectoderm, in
which Tbx2/3 was not expressed, was not affected (Fig. 6c,d).
Likewise, the Tbx2/3 MO was injected into one of the posterior
animal cells of eight-cell embryos (b4.2); expression of Ascl.b and
Tox was lost in the ventral region on the injected side
(Supplementary Fig. 4c—f). In Msx morphants, the expression of
Asclb and Tox in the dorsal and ventral ectoderm, except for a
few cells near the tip of the tail, was also lost (Fig. 6e,f). Thus, the
expression of Ascl.b and Tox in the dorsal ectoderm is under the
control of Msx but not Tbx2/3, while the expression in ventral
ectoderm is under the control of Tbx2/3 and Msx.

We also found that the expression of Ascl.b and Tox was
recovered in the tail ventral ectoderm and observed ectopically in

Early tailbud

Figure 5 | Ascl.b and Tox expression begins at the initial-tailbud stage and precedes Delta.b expression. (a-h) Expression of (a-f) Ascl.b, (g-1) Tox
and (m-o) Delta.b. (a,b,gh,m) at the neurula stage, and (¢,d ijn) initial-tailbud stage, and (e fk,1l,0) early-tailbud stage. (a,c,eg,ik) Ventral views and
(b,dfh,jl-0) lateral views are shown. Prospective ESNs are indicated by black arrowheads in o. Scale bar, 100 um (a).
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Figure 6 | Ascl.b and Tox are under the control of Tbx2/3, Msx and Bmp
signalling. (a,b) Injection of the control LacZ MO into fertilized eggs did not
affect the expression of (a) Ascl.b or (b) Tox. (¢,d) When the Tbx2/3 MO
was injected into the left and right posterior animal cells (b4.2) of eight-cell
embryos, the expression of (¢) Ascl.b and (d) Tox was greatly reduced in the
ventral region (white arrowhead), but not in the dorsal region (black
arrowhead). (e f) The expression of (e) Ascl.b and (f) Tox in both the ventral
and dorsal regions was lost in Msx morphants, except for a few cells in the
posterior-most region (black arrowheads). (g h) When the Tbx2/3 MO was
injected into the left and right posterior animal cells (b4.2) of eight-cell
embryos after electroporation of an overexpression construct for Msx, the
expression of (g) Ascl.b and (h) Tox was observed in the ventral region
(arrowheads) and the lateral epidermal region. With this construct, Msx
was overexpressed in the entire epidermis under the control of the
upstream sequence of DIx.b. Note that not all epidermal cells overexpress
Msx because of mosaic incorporation of the electroporated plasmid.

(i,j) The expression of (i) Ascl.b and (j) Tox was lost in the ventral region
(white arrowheads), but not in the dorsal region (black arrowheads), of
embryos with Noggin overexpression under the control of the upstream
sequence of DIx.b. The number of embryos examined and the proportion of
embryos that each panel represents are shown. Scale bar, 100 um (a).

the head and tail ectoderm, when the Msx overexpression
construct was introduced into fertilized eggs by electroporation
and then the Tbx2/3 MO was injected into both of the left and
right b4.2 blastomeres at the eight-cell stage (Fig. 6gh). There-
fore, Msx can activate AsclLb and Tox in the absence of Tbx2/3,
and Tbx2/3 controls Ascl.b and Tox through activation of Msx.
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Figure 7 | Ascl.b and Tox regulate Delta.b, Pou4 and Celf3.a, which mark
ESNs. Expression of (a,b) Delta.b, (c,d) Pou4 and (e f) Celf3.a marks the
ESNs (black arrowheads) (a,c,e) in control embryos injected with the
control LacZ MO, but is completely lost (b,df) in double morphants of
Ascl.b and Tox. Lateral views are shown. Note that three spots seen near the
tip of the tail in f are cells of the nerve cord, but not ESNs.

Finally, we examined the expression of Ascl.b and Tox in
embryos with Noggin overexpression using the Dix.b enhancer. In
these embryos, the expression in the ventral tail ectoderm was
specifically lost (Fig. 6i,j). This observation confirmed that BMP
signalling is required for genes activated in the ventral tail
ectoderm.

Tox and Ascl.b are required for differentiation of ESNs. Delta.b
is expressed in dorsal and ventral ESNs, and Delta.b signalling
represses Pou4 and Celf3.a (Etr-1) in the surrounding epidermal
cells'®?442_ Delta.b expression in the ventral tail ectoderm begins
in scattered cells of the posterior region and subsequently
expands into the anterior tail region'®. Through Delta/Notch-
mediated lateral inhibition, the number of neurons are thought to
be controlled!6. We first investigated whether expression of Ascl.b
and Tox preceded Delta.b expression in dorsal and ventral ESNs.
Delta.b was not expressed in prospective ESNs at the neurula and
initial-tailbud stages (Fig. 5m,n), and began to be expressed in
prospective ESNs at the early-tailbud stage in the posterior region
(Fig. 50). At the middle-tailbud stage, prospective ESNs in the
anterior tail region began to express Delta.b'® (see also Fig. 7a).
Thus, initiation of Delta.b expression in prospective ESNs
occurred one step later than initiation of Asclb and Tox
expression.

When we injected MOs against either of Asclb or Tox,
expression of Delta.b, Pou4 and Celf3.a was lost or reduced in
most embryos (Table 1; Supplementary Fig. 6). In double
morphants of Ascl.b and Tox, the expression of these three genes
was almost completely lost (Table 1; Fig. 7a-f). Thus, Ascl.b and
Tox are both required for differentiation of ESNs in the ventral
and dorsal ectoderm.

Discussion

A previous study reported that there are two morphologically
distinct populations among the ESNs of the ventral tail ectoderm,
because posterior ESNs have longer axons than anterior ESNs*3.
Our analysis showed that ESNs in the anterior and posterior
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Table 1 | Effects of knockdown of Ascl.b and Tox.

Marker Morpholinos  Embryos not expressing Embryos expressing the Embryos expressing the Embryos expressing the
genes the designated marker in designated marker in one designated marker in a reduced designated marker as in
examined prospective ESNs prospective ESN number of prospective ESNs* wild-type embryos*
Delta.b Lacz 0 0 0 8 (100%)

Asclb 20 (57%) 13 (37%) 0 2 (6%)

Tox 24 (29%) 20 (25%) 30 (37%) 7 (9%)

Ascl.b and 27 (100%) 0 0 0

Tox
Pou4 LacZ 0 0 1(9%) 1 (91%)

Ascl.b 33 (91%) 1 (3%) 2 (6%) 0

Tox 8 (32%) 2 (8%) 13 (52%) 2 (8%)

Ascl.b and 26 (86%) 2 (7%) 0 2 (7%)

Tox
Celf3.a LacZ 0 0 0 12 (100%)

Asclb 24 (83%) 4 (14%) 1 (3%) 0

Tox 21 (44%) 15 (31%) 12 (25%) 0

Ascl.b and 26 (90%) 2 (7%) 0 1 (3%)

Tox

ESN, epidermal sensory neuron.

were considered to be normal.

*Because the number of ESNs varies between individuals®3, we counted the number of prospective ESNs expressing Pou4 in 63 unperturbed embryos. Because the minimum number of prospective ESNs
was seven, embryos with two to six cells expressing either of the markers were considered to have a reduced number of ESNs, whereas embryos with seven or more cells expressing either of the markers

halves of the ventral tail ectoderm use the same gene circuit
beginning with BMP signalling, although timing of the initiation
of Msx expression differs between the anterior and posterior
populations.

We showed that Tbx2/3 is required for Msx expression in the
ventral ectoderm. Although Tbx2/3 and its orthologues, Tbx2 and
Tbx3, often act as a repressor, Tbx2 and Tbx3 are also known to
act as activators?***>, Therefore, it is not surprising that Tbx2/3
directly activates Msx in the ventral ectoderm, although it is also
possible that Tbx2/3 acts as a repressor and indirectly activates
Msx.

We also showed that ventral and dorsal tail ESNs are specified
by a common genetic pathway comprising Msx, Tox/Ascl.b and
Delta.b/Celf3.a/Pou4, whereas the upstream mechanism of Msx
regulation differs between these two lineages (Fig. 8). In the
dorsal lineage, Otx and Nodal are required for Msx expres-
sion®»2%, and these two genes are activated by a combination of
the activating influence of FGF signalling and the repressive
influence of Ephrin, Admp and Gdf1/3-r signalling at the 32-cell
stage!’722. In the ventral lineage, BMP signalling induces Thx2/3
at the late-gastrula stage, and this Tbx2/3 expression is required
for Msx expression. Hence, the evidence that co-option of the
gene circuit downstream of Msx created a novel lineage of ESNs is
persuasive. If so, which of the lineages represents the original one?
We favour the hypothesis that the ventral lineage is the original
one, for two reasons. First, the ventral lineage is induced by BMP
signalling, and PNS neurons in amphioxus and protostomes are
also induced by BMP signalling®>~3°. Second, although cells
giving rise to the dorsal ESNs in the ascidian embryos are
embedded in the epidermis and not migratory, the dorsal lineage
is derived from cells located at the border of the epidermal lineage
and neural plate, reminiscent of the situation in vertebrate PNSs.

In anamniote embryos, Rohon-Beard mechanosensory neurons
are also formed from the neural plate border®. An anatomical
study suggested that Retzius bipolar cells of amphioxus are
homologous to Rohon-Beard sensory neurons?®. It is possible
that the ascidian dorsal ESNs are homologous to Rohon-Beard
neurons, and this possibility is not necessarily mutually exclusive
with the above possibility that the ascidian dorsal ESNs are
homologous to vertebrate PNS neurons derived from neural crest

8

a Dorsal ESNs

Gdf1/3-r Otx Ascl.b Delta.b —
i
Admp \/; \ Msx / \ Poud
g —>» Noda oxX elf3.a —
Fgf9/16/20 Nodal 7 N o 7 cens
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/ Ascl.b \ Delta.b —
Admp —> Thx2/3 —> Msx Pou4
Bmp2/4 I‘ """""" Y \ TOX / Celfa a :

Figure 8 | Summary of the regulatory gene circuits involved in
differentiation of the dorsal and ventral ESNs. (a) Dorsal ESNs and (b)
ventral ESNs share a gene circuit downstream of Msx, whereas the
regulatory mechanisms upstream of Msx differ between these two lineages.
These circuits are based on the results of the present and previous
studies'®242543 Because Thx2/3 alone failed to activate Msx, BMP
signalling itself or unidentified factors downstream of BMP signalling,
together with Thx2/3, might work to activate Msx (a dotted arrow).

cells. Indeed, the gene networks that specify Rohon-Beard
neurons and the neural crest are overlapped considerably?’.
None of these scenarios is inconsistent with our hypothesis that a
novel lineage of ESNs were born by co-option of the gene circuit
downstream of Msx.

In vertebrate embryos, BMP signalling negatively regulates
neural fate during the initial process of neural induction, but later
an intermediate level of BMP signalling is required for neural
crest formation®®%°. Msx is indeed a direct target of BMP
signalling at the neural plate border®’. However, because Msx
may not be a direct target of BMP signalling in the ventral
ectoderm of the ascidian embryo, the gene circuit comprising
BMP signalling, Tbx2/3 and Msx in the ascidian embryo is not
likely directly relevant with the gene circuit that activates Msx in
vertebrate embryos. Taken together, the available data suggest
that a common ancestor of Ciona and vertebrates acquired the
secondary PNS lineage around the neural plate border by co-
option of a gene circuit activated by Msx. Thus, the ventral ESNs
of the ascidian larva may not be directly homologous to
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vertebrate PNSs, and the original lineage might have been lost in
the vertebrates.

References

1.

Steventon, B., Mayor, R. & Streit, A. Neural crest and placode interaction
during the development of the cranial sensory system. Dev. Biol. 389, 28-38
(2014).

Methods 2. Baker, C. V. & Bronner-Fraser, M. Vertebrate cranial placodes I. Embryonic
In situ hybridization and immunostaining. C. intestinalis adults were induction. Dev. Biol. 232, 1-61 (2001).

obtained from the National Bio-Resource Project for Ciona. Complementary DNA 3. Graham, A. & Begbie, J. Neurogenic placodes: a common front. Trends
clones were obtained from our clone collection used for obtaining expressed Neurosci. 23, 313-316 (2000).

sequence tags (ESTs)>L. For whole-mount in situ hybridization, digoxigenin-RNA 4. Schlosser, G. Induction and specification of cranial placodes. Dev. Biol. 294,
probes were synthesized by in vitro transcription with T7 RNA polymerase. Embryos 303-351 (2006).

were fixed in 4% paraformaldehyde in 0.1 M MOPS-NaOH (pH 7.5) and 0.5M NaCl 5. Lamborghini, J. E. Rohon-beard cells and other large neurons in Xenopus

at 4 °C overnight and then stored in 80% ethanol. After a wash with PBS containing embryos originate during gastrulation. J. Comp. Neurol. 189, 323-333 (1980).
0.1% tween 20 (PBST), embryos were treated with 2 pgml ~ ! Protenase K for 30 min ¢, Meulemans, D. & Bronner-Fraser, M. Gene-regulatory interactions in neural
at 37 °C, washed again with PBST and fixed with 4% paraformaldehyde for 1h at crest evolution and development. Dev. Cell 7, 291-299 (2004).

room temperature. Embryos were then incubated in 6 x salilne sodium citrate 7. Holland, N. D. & Yu, J. K. Epidermal receptor development and sensory
buffer, 50% formamide, 5 x Denhardt’s solution, 100 pugml ™ " yeast tRNA and 0.1% pathways in vitally stained amphioxus (Branchiostoma floridae). Acta Zool. 83,
tween 20 for 1 h at 50 °C. After this prehybridization step, specific RNA probes were 309-319 (2002).

?dded and_ incubated for 16h, at 50 °C. Embryos V:ere treate‘,i with RNise A, and 8. Lacalli, T. C. & Hou, S. F. A reexamination of the epithelial sensory cells of
1ncubatefi in 0.5 X sal}ne sodium citrate buffer, 50/0 forma_mlde and 0.14) tween 20 amphioxus (Branchiostoma). Acta Zool. 80, 125-134 (1999).

for 15min at 50 °C twice. Embryos were further incubated in 0.5% blocking reagent 9. Nicol, D. & Meinertzhagen, I. A. Development of the central nervous system of
(Roche) in PBST for 30 min, and then in 1:2,000 alkaline-phosphatase-conjugated ' he 1 » £ th idi 3 C’ o . Pl’ L. 1L Neural bl hy .
anti-digoxigenin antibody (Roche). After a PBST wash, embryos were further the arva o the asci an, Liona l,memml 1S e L Neural p ate MOTPROgenesis
washed with 0.1 M NaCl, 50mM MgCl, and 0.1 M Tris-HCl (pH 9.5), and then and cell lineages during neurulation. Dev. Biol. 130, 737-766 (1988).
p-nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl phosphate 10. Nishida, H. Cell lineage analysis 1%'1 asc1d1an‘ embryos by 1ntra§ellular injection
(BCIP) were used for detection. of a tracer enzyme. IIL. Up to the tissue restricted stage. Dev. Biol. 121, 526-541

To detect activation of the Bmp signalling pathway, embryos were fixed with 3.7% (19§7)' ) o
formaldehyde in PBS, treated with 3% H,O, for 30 min and then incubated with a 11. Abitua, P. B, Wagner, E., Navarrete, I. A. & Levine, M. Identification of a
rabbit polyclonal antibody against a synthetic phosphopeptide derived from human rudimentary neural crest in a non-vertebrate chordate. Nature 492, 104-107
Smadl (Abcam, ab97689; 1:1,000; Ciona Smad1/5/8 has the same amino-acid (2012).
sequence in its C-terminal end) in Can-Get-Signal-Immunostain Solution B 12. Wagner, E. & Levine, M. FGF signaling establishes the anterior border of the
(Toyobo). The signal was visualized with a TSA kit (Invitrogen) using horseradish Ciona neural tube. Development 139, 2351-2359 (2012).
peroxidase-conjugated goat anti-rabbit immunoglobulin-G and Alexa Fluor 488 13. Manni, L., Caicci, F., Gasparini, F., Zaniolo, G. & Burighel, P. Hair cells in
tyramide. For RNA-seq experiments, embryos were treated with human BMP4 ascidians and the evolution of lateral line placodes. Evol. Dev. 6, 379-381
(100 ngml ~ ; HumanZyme) and dorsomorphin (100 xM; Wako) continuously after (2004).
fertilization, and collected at the late-gastrula stage. RNA-seq experiments were 14. Mazet, F. et al. Molecular evidence from Ciona intestinalis for the evolutionary
performed using the Illumina TruSeq RNA Sample Preparation kit and the Illumina origin of vertebrate sensory placodes. Dev. Biol. 282, 494-508 (2005).
Hiseq2500 sequencer. We did not take duplicates, mainly because we used this 15. Ikeda, T., Matsuoka, T. & Satou, Y. A time delay gene circuit is required for
experiment for screening, and the obtained result was confirmed with other methods. palp formation in the ascidian embryo. Development 140, 4703-4708 (2013).
Sequence data are deposited in the SRA database under the accession numbers, 16. Pasini, A. et al. Formation of the ascidian epidermal sensory neurons: insights
DRR033088-DRR033090. DEseq was used to identify differentially expressed genes®2. into the origin of the chordate peripheral nervous system. PLoS Biol. 4, €225

Identifiers for genes examined in the present study are as follows: (2006).

CG.KH2012.C2421 for Admp, CG.KH2012.C4.125 for Bmp2/4, 17. Hudson, C. & Lemaire, P. Induction of anterior neural fates in the ascidian
CG.KH2012.C12.562 for Noggin, CG.KH2012.196.87 for Tbx2/3, Ciona intestinalis. Mech. Dev. 100, 189-203 (2001).
CG.KH2012.C2.957 for Msx, CG.KH2012.C12.577 for Nkxtun.a (Nkx-A), 18. Tassy, O., Daian, F., Hudson, C., Bertrand, V. & Lemaire, P. A quantitative
CG.KH2012.C8.482 for Nkx2-3/5/6 (NK4), CG.KH2012.C9.872 for Atho8 (Net), : e > > SR T
CG.KH2012.19.13 for Ascl.b, CG.KH2012.C3.330 for Tox, CG.KH2012.150.6 for app;"“h to FheCStudYB".flcellzS};zgezggiz‘ggeg)acnons during early chordate
embryogenesis. Curr. Biol. 16, 345— .
Delta.b, CG.KH2012.C2.42 for Pous and CG.KH2012.06.128 for Celf3.a. 19. Bertrand, V., Hudson, C., Caillol, D., Popovici, C. & Lemaire, P. Neural tissue in
ascidian embryos is induced by FGF9/16/20, acting via a combination of

Gene knockdown and overexpression. The MOs (Gene Tools, LLC) against maternal GATA and Ets transcription factors. Cell 115, 615-627 (2003).
LacZ, Admp, Tbx2/3 and Msx, which block translation, were used previously?>53; 20. Khoueiry, P. et al. A cis-regulatory signature in ascidians and flies,
LacZ, 5'-TACGCTTCTTCTTTGGAGCAGTCAT-3'; Admp, 5'-TATCGTGTAGT independent of transcription factor binding sites. Curr. Biol. 20, 792-802
TTGCTTTCTATATA-3'; Tbx2/3, 5-GAGGTCCACACCAACACTTTAACAT-3; (2010).
Msx, 5'-ATTCGTTTACTGTCATTTTTAATTT-3'. We designed an additional 21. Hudson, C,, Darras, S., Caillol, D., Yasuo, H. & Lemaire, P. A conserved role for
MO against Tbx2/3 (5'-GGTCTTCGCTATCGGTCAAACACAT-3'). Because two the MEK signalling pathway in neural tissue specification and posteriorisation
Tbx2/3 MOs yielded the same phenotype (downregulation of Msx; Supplementary in the invertebrate chordate, the ascidian Ciona intestinalis. Development 130,
Fig. 7a), only results obtained with the first MO are shown, unless otherwise noted. 147-159 (2003).
We also designed one MO that blocks translation (5'-CATCGTCCATCATAAGT  22. Ohta, N. & Satou, Y. Multiple Signaling Pathways Coordinate to Induce a
TGTAGCAT-3') and one MO that blocks splicing of Tox (5'-TGTCCCTGGAG Threshold Response in a Chordate Embryo. PLoS Genet. 9, 1003818 (2013).
AATCGGCGAATCAA-3'). Because both MOs yielded the same phenotype 23. Stolfi, A. et al. Guidelines for the nomenclature of genetic elements in tunicate
(downregulation of Pou4 and Celf3.a; Supplementary Fig. 7b,c), only results genomes. Genesis. 53, 1-14 (2015).
obtained with the first MO are shown, unless otherwise noted. Although we 24. Roure, A., Lemaire, P. & Darras, S. An otx/nodal regulatory signature for
designed two MOs that block translation of Ascl.b (5'-GCGGTTCGTCACTTCC posterior neural development in ascidians. PLoS Genet. 10, e1004548 (2014).
GGTQGCCAT—3’ and_ 5"TCACTTCCGGTCC%C_CATTTTTGTTC'3,)’ the second 25. Imai, K. S., Levine, M., Satoh, N. & Satou, Y. Regulatory blueprint for a
one ylel_ded a n‘onspeaﬁc phenotype; embryos injected w1th_ the second MO started chordate embryo. Science 312, 1183-1187 (2006).
to b? dlsorgamzed at the eight-cell stage. However, we behe\'fe that the data 26. Imai, K. S., Hino, K., Yagi, K., Satoh, N. & Satou, Y. Gene expression profiles of
obtained with the first MO are specific, becanse overexpression of Asclb gave transcription factors and signaling molecules in the ascidian embryo: towards a
opposite phenotypes (ectopic expression of Pou4 and Celf3.a; Supplementary prion & J i

: . ) . comprehensive understanding of gene networks. Development 131, 4047-4058
Fig. 7d,e), because Gfp gene, in which the first codon (A/TG) was replaced with a (2004)
?g};gé‘k ;E%l(e;réc(e;gl_ glg?xagsar?ofiiﬁrg/s[sce) dtabr)%ectosilrtl;e(cii(-)ﬁl;\fi;t?lct:}?jgs(c:l.(;bc;l\?é(; 27. Munoz—S.anjuan, I. & Brivanlou, A. H. N?ural induction, the default model and
(Supplementary Fig. 7f,g), and because phenotypes of double morphants of AsclLb embw onic stem cells. Nat. Rev. Neurosci. 3_’ 271A_280 (2002). o
and Tox were stronger than those of single morphants of either of Ascl.b or Tox. 28. Streit, A., .Berlmé'tr, A.]J., Pap a'nayot'ou, C., Sirulnik, A. & Stern, C. D. Initiation
MOs were introduced by microinjection under a microscope. All experiments were of neural induction by FGF signalling before gastrulation. Nature 406, 74-78
repeated at least twice with different batches of embryos. (2000).

The DNA constructs used for overexpression of Msx, Bmp2/4 and Noggin under ~ 29- Wilson, S. 1, Graziano, E., Harland, R., Jessell, T. M. & Edlund, T. An early
the Dlx.b upstream sequence (Ciinte.REG.KH.C7.630497-632996|Dlx.b) were used requirement for FGF signalling in the acquisition of neural cell fate in the chick
previously>’. These DNA constructs were introduced by electroporation. For mRNA embryo. Curr. Biol. 10, 421-429 (2000).
injection experiments, in vitro synthesized capped mRNA for Thx2/3 was prepared ~ 30. Marchal, L., Luxardi, G., Thome, V. & Kodjabachian, L. BMP inhibition
using an mMESSAGE mMACHINE T3 Transcription kit (Life Technologies). All initiates neural induction via FGF signaling and Zic genes. Proc. Natl Acad. Sci.
experiments were repeated at least twice with different batches of embryos. USA 106, 17437-17442 (2009).

| 6:8719 | DOI: 10.1038/ncomms9719 | www.nature.com/naturecommunications 9

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

3

—

32.

33.

34.

35.

3

(=)}

37.

38.

39.

40.

4

—

42.

43.

44.

45.

46.

47.

. Delaune, E., Lemaire, P. & Kodjabachian, L. Neural induction in Xenopus

requires early FGF signalling in addition to BMP inhibition. Development 132,
299-310 (2005).

Bronner, M. E. & LeDouarin, N. M. Development and evolution of the neural
crest: an overview. Dev. Biol. 366, 2-9 (2012).

Lu, T. M,, Luo, Y. J. & Yu, J. K. BMP and Delta/Notch signaling control the
development of amphioxus epidermal sensory neurons: insights into the
evolution of the peripheral sensory system. Development 139, 2020-2030
(2012).

Denes, A. S. et al. Molecular architecture of annelid nerve cord supports
common origin of nervous system centralization in bilateria. Cell 129, 277-288
(2007).

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

. Patthey, C., Schlosser, G. & Shimeld, S. M. The evolutionary history of

vertebrate cranial placodes--I: cell type evolution. Dev. Biol. 389, 82-97 (2014).
Imai, K. S., Daido, Y., Kusakabe, T. G. & Satou, Y. Cis-acting transcriptional
repression establishes a sharp boundary in chordate embryos. Science 337,
964-967 (2012).

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

Aniello, F. et al. Identification and developmental expression of Ci-msxb: a
novel homologue of Drosophila msh gene in Ciona intestinalis. Mech. Dev. 88,
123-126 (1999).

Takatori, N. et al. T-box genes in the ascidian Ciona intestinalis:
Characterization of cDNAs and spatial expression. Dev. Dyn. 230, 743-753
(2004).

. Jose-Edwards, D. S., Oda-Ishii, I, Nibu, Y. & Di Gregorio, A. Tbx2/3 is an

essential mediator within the Brachyury gene network during Ciona notochord
development. Development 140, 2422-2433 (2013).

Joyce Tang, W., Chen, J. S. & Zeller, R. W. Transcriptional regulation of the
peripheral nervous system in Ciona intestinalis. Dev. Biol. 378, 183-193 (2013).
Pasini, A., Manenti, R., Rothbacher, U. & Lemaire, P. Antagonizing retinoic
acid and FGF/MAPK pathways control posterior body patterning in the
invertebrate chordate Ciona intestinalis. PLoS ONE 7, €46193 (2012).

Paxton, C., Zhao, H. H., Chin, Y., Langner, K. & Reecy, J. Murine Tbx2
contains domains that activate and repress gene transcription. Gene 283,
117-124 (2002).

Lu, R, Yang, A. & Jin, Y. Dual functions of T-box 3 (Tbx3) in the control of
self-renewal and extraembryonic endoderm differentiation in mouse embryonic
stem cells. J. Biol. Chem. 286, 8425-8436 (2011).

Wicht, H. & Lacalli, T. C. The nervous system of amphioxus: structure,
development, and evolutionary significance. Can. J. Zool. 83, 122-150 (2005).
Rossi, C. C., Kaji, T. & Artinger, K. B. Transcriptional control of Rohon-Beard
sensory neuron development at the neural plate border. Dev. Dyn. 238,
931-943 (2009).

48. Sauka-Spengler, T. & Bronner-Fraser, M. A gene regulatory network
orchestrates neural crest formation. Nat. Rev. Mol. Cell Biol. 9, 557-568 (2008).

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

50. Suzuki, A., Ueno, N. & Hemmati-Brivanlou, A. Xenopus msx1 mediates
epidermal induction and neural inhibition by BMP4. Development 124,
3037-3044 (1997).

. Satou, Y., Kawashima, T., Shoguchi, E., Nakayama, A. & Satoh, N. An
integrated database of the ascidian, Ciona intestinalis: Towards functional
genomics. Zoolog. Sci. 22, 837-843 (2005).

52. Anders, S. & Huber, W. Differential expression analysis for sequence count

data. Genome. Biol. 11, R106 (2010).
53. Satou, Y., Imai, K. & Satoh, N. Action of morpholinos in Ciona embryos.
Genesis 30, 103-106 (2001).

4

o

5

—

Acknowledgements

We thank the National Bio-resource project for providing experimental animals. This
research was supported by Grants-in-Aid from MEXT and JSPS, Japan, to Y.S. (21671004
and 25118510) and K.S.I. (26711014).

Author contributions
K.W., KS.I and Y.S. designed the experiments. KW. and K.S.I. performed the
experiments. Y.S. wrote the manuscript.

Additional information
Accession codes: RNA-seq data generated in this study have been deposited in the SRA
database under the accession codes DRR033088-DRR033090.

Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Waki, K. et al. Genetic pathways for differentiation of the
peripheral nervous system in ascidians. Nat. Commun. 6:8719 doi: 10.1038/ncomms9719

(2015).

This work is licensed under a Creative Commons Attribution 4.0
By International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:8719 | DOI: 10.1038/ncomms9719 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	BMP signalling in the ventral ectodermal region
	Tbx2sol3 is required for Msx expression in the ventral region

	Figure™1BMP signalling is active in the ventral ectoderm from the late-gastrula to the tailbud stages.One of the posterior animal cells of eight-cell embryos were labelled with DiI (red) to show the anterior-posterior boundary and left-right boundary. (a,
	Figure™2Admp activates Bmp signalling and Bmp2sol4 expression in the ventral ectoderm at the late-gastrula stage.(a,b) BMP signalling was detected with an antibody against phosphorylated Smad1sol5sol8 (green) (a) in an embryo injected with a control LacZ 
	Figure™3Msx is under the control of Bmp signalling, and begins to be expressed in the ventral tail ectoderm at the neurula stage.(a-c) Msx expression (a) in a control early-tailbud embryo, (b) in an embryo with Bmp2sol4 overexpression under the Dlx.b enha
	Ascl.b and Tox are activated by Msx in the tail ectoderm

	Figure™4Tbx2sol3 is expressed under Bmp signalling and regulates Msx expression in the ventral ectoderm.(a) RNA-seq experiments identified five transcription factor genes greatly upregulated and downregulated in embryos treated with Bmp4 and dorsomorphin,
	Figure™5Ascl.b and Tox expression begins at the initial-tailbud stage and precedes Delta.b expression.(a-h) Expression of (a-f) Ascl.b, (g-l) Tox and (m-o) Delta.b. (a,b,g,h,m) at the neurula stage, and (c,d,i,j,n) initial-tailbud stage, and (e,f,k,l,o) e
	Tox and Ascl.b are required for differentiation of ESNs

	Discussion
	Figure™6Ascl.b and Tox are under the control of Tbx2sol3, Msx and Bmp signalling.(a,b) Injection of the control LacZ MO into fertilized eggs did not affect the expression of (a) Ascl.b or (b) Tox. (c,d) When the Tbx2sol3 MO was injected into the left and 
	Figure™7Ascl.b and Tox regulate Delta.b, Pou4 and Celf3.a, which mark ESNs.Expression of (a,b) Delta.b, (c,d) Pou4 and (e,f) Celf3.a marks the ESNs (black arrowheads) (a,c,e) in control embryos injected with the control LacZ MO, but is completely lost (b,
	Table 1 
	Figure™8Summary of the regulatory gene circuits involved in differentiation of the dorsal and ventral ESNs.(a) Dorsal ESNs and (b) ventral &!QJ;ESNs share a gene circuit downstream of Msx, whereas the regulatory mechanisms upstream of Msx differ between t
	Methods
	In™situ hybridization and immunostaining
	Gene knockdown and overexpression

	SteventonB.MayorR.StreitA.Neural crest and placode interaction during the development of the cranial sensory systemDev. Biol.38928382014BakerC. V.Bronner-FraserM.Vertebrate cranial placodes I. Embryonic inductionDev. Biol.2321612001GrahamA.BegbieJ.Neuroge
	We thank the National Bio-resource project for providing experimental animals. This research was supported by Grants-in-Aid from MEXT and JSPS, Japan, to Y.S. (21671004 and 25118510) and K.S.I. (26711014)
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




