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Nerveux des Chordés Group, Institut de Neurobiologie Alfred Fessard, 1 Avenue de la Terrasse, 91198 Gif-sur-Yvette, France

Edited by Michael S. Levine, University of California, Berkeley, CA, and approved April 17, 2006 (received for review January 31, 2006)

The craniate head is innervated by cranial sensory and motor
neurons. Cranial sensory neurons stem from the neurogenic pla-
codes and neural crest and are seen as evolutionary innovations
crucial in fulfilling the feeding and respiratory needs of the craniate
‘‘new head.’’ In contrast, cranial motoneurons that are located in
the hindbrain and motorize the head have an unclear phylogenetic
status. Here we show that these motoneurons are in fact homol-
ogous to the motoneurons of the sessile postmetamorphic form of
ascidians. The motoneurons of adult Ciona intestinalis, located in
the cerebral ganglion and innervating muscles associated with the
huge ‘‘branchial basket,’’ express the transcription factors CiPhox2
and CiTbx20, whose vertebrate orthologues collectively define
cranial motoneurons of the branchiovisceral class. Moreover,
Ciona’s postmetamorphic motoneurons arise from a hindbrain set
aside during larval life and defined as such by its position (caudal
to the prosensephalic sensory vesicle) and coexpression of CiPhox2
and CiHox1, whose orthologues collectively mark the vertebrate
hindbrain. These data unveil that the postmetamorphic ascidian
brain, assumed to be a derived feature, in fact corresponds to the
vertebrate hindbrain and push back the evolutionary origin of
cranial nerves to before the origin of craniates.

Ciona intestinalis � development � evolution � hindbrain

More than a century after Kowalevski (1) noted the chordate
affinities of ascidians, homologies between the rostrocau-

dal divisions of their CNS and that of vertebrates have been
explicitly formulated (see Fig. 5A) (2–7). These efforts, mostly
based on gene expression, have focused on the embryonic and
tadpole larval stages during which the chordate body plan is
evident. The rostral sensory vesicle expressing CiOtx has been
equated with a forebrain, the ‘‘visceral ganglion’’ expressing
CiHox genes has been equated with a hindbrain, and the
intervening narrow region expressing CiPax2�5�8A has been
equated with a midhindbrain boundary (MHB) variously as-
signed anatomically to the ‘‘neck’’ (a constriction detectable in
Ciona larvae between vesicle and ganglion) (2, 7) or to the caudal
sensory vesicle (6). Orthologues of other MHB markers, such as
En and Fgf10, also are expressed close to the putative ascidian
MHB but in ways difficult to reconcile with the vertebrate
pattern (8). Neither midbrain nor metencephalon are recognized
around the MHB because of the lack of CiDmbx expression
rostral to it (4) and the lack of an ascidian Gbx2 orthologue (9),
respectively. Caudal to the ganglion, CiHox5 expression, pre-
sumably in ependymal cells (10), has led to liken the ‘‘tail nerve
cord’’ (however devoid of neuronal cell bodies) to the vertebrate
spinal cord (e.g., refs. 3 and 4).

Most of the larval CNS degenerates during metamorphosis,
and the origin of the adult CNS (the cerebral ganglion), posi-
tioned between oral and atrial siphon (11), is controversial. On
the basis of morphological data in Clavelina, Ciona, and Ectein-
ascidia, the origin of the cerebral ganglion has been variably
traced to the dorsolateral wall of the sensory vesicle (12–14), the
caudal sensory vesicle (15), or a ‘‘placode’’ rostral to the sensory
vesicle and contiguous with the stomodeum (16). A. S. Romer
(17) saw this ‘‘small ganglion from which radiate a few nerves’’
as the ‘‘somatic nervous system’’ of an animal that he otherwise

deemed ‘‘almost purely visceral.’’ Aside from this cursory and
paradoxical mention, and Berrill’s (18) thinly argued parallel
with the vertebrate hypothalamus and thalamus, no homology
has been proposed so far to our knowledge.

Here, we reexamine comparisons between the ascidian and
vertebrate CNS by using CiPhox2, the orthologue of the verte-
brate Phox2a and Phox2b paired-like homeobox genes. Phox2b
expression and function is highly specific for neurons of the
visceral nervous system (19). In the CNS, Phox2b is required for
the differentiation of visceral motoneurons (20), both ‘‘special’’
(also called branchial motoneurons and innervating branchial-
arch-derived muscles of the face, jaw, neck, and pharynx) and
‘‘general’’ (presynaptic to parasympathetic and enteric neurons),
as well as relay visceral sensory neurons of the nucleus of the
solitary tract (21), all born and located in the hindbrain, more
specifically the myelencephalon. Phox2a, coexpressed with
Phox2b throughout the branchiovisceral nervous system (22),
specifies three nuclei at the MHB: the locus coeruleus and the
oculomotor and trochlear nuclei (19). Thus, within the CNS,
Phox2 genes are restricted to the hindbrain and MHB. The
characterization of CiPhox2 expression at both larval and adult
stages, and throughout metamorphosis leads us to (i) revise the
tripartite model of the ascidian larval brain by assigning a
hindbrain status to the neck rather than to the visceral ganglion;
(ii) show that the larval neck gives rise to motoneurons in the
adult; and (iii) establish the homology of the latter with cranial
motoneurons of vertebrates.

Results
We identified exons 1–3 of CiPhox2 by searching the Ciona
intestinalis genome (JGI, Department of Energy Joint Genome
Institute database, available at http:��genome.jgi-psf.org�
Cioin2�Cioin2.home.html) for similarity with the vertebrate
Phox2a and Phox2b homeobox sequence and the Ciona savignyi
genome (Ciona savignyi Database, available at www.broad.mit.
edu�annotation�ciona) for phylogenetic footprints with C. in-
testinalis. Orthology was tested by alignment of homeodomain
sequences (Fig. 6, which is published as supporting information
on the PNAS web site) and gene tree analysis (data not shown).
There is no sequence identity outside the homeodomain be-
tween CiPhox2 and its vertebrate orthologues, except for a
stretch of six amino acids N-terminal to the homedomain that are
equally conserved with both Phox2a and Phox2b.

In situ hybridization showed CiPhox2 to be expressed in the
embryonic CNS starting at the mid-tailbud stage, in a small
patch of cells (Fig. 1 A and B) that caudally abuts the CiOtx
domain (Fig. 1C) and coincides with the CiPax2�5�8A-positive
domain (Fig. 1D). Although CiPax2�5�8 expression was pre-

Conflict of interest statement: No conflicts declared.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: YFP, yellow fluorescent protein; MHB, midhindbrain boundary.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. DQ530507).

‡To whom correspondence should be addressed. E-mail: jfbrunet@biologie.ens.fr.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0600805103 PNAS � June 6, 2006 � vol. 103 � no. 23 � 8727–8732

D
EV

EL
O

PM
EN

TA
L

BI
O

LO
G

Y



viously described as rostral to and mutually exclusive with that
of Hox1 in Halocynthia roretzi (2), we found that the caudal half
of the CiPhox2;CiPax2�5�8A-positive region coexpresses
CiHox1 (Fig. 1 E and F). Whether this discrepancy ref lects
differences in species, embryo stage, or detection threshold is
unknown. Caudally to the CiPhox2�CiPax2�5�8 domain a
patch of cells expressed CiMnx (the orthologue of the verte-
brate somatic motoneurons markers Mnr2 and Hb9) and
CiChAT (encoding choline acetyltransferase), prefiguring the
motoneuronal contingent of the so-called visceral ganglion of
the larva (Fig. 1 G and H) (see Discussion for further details
about this terminology).

To explore the fate of the CiPhox2-positive cells after hatching
and during metamorphosis, we followed the expression of a
yellow fluorescent protein (YFP) transgene driven by 3 kb of
CiPhox2 promoter sequences that cover three phylogenetic
footprints with C. savignyi (Fig. 6). We found transgene expres-
sion spatially and temporally continuous between the neck of the
larva and the cerebral ganglion of the postmetamorphic animal.
CiPhox2::YPF-positive cells were found in the neck of the
swimming larva, which did not appear to be neurons based on
the absence of neurites (Fig. 2A). YFP expression persisted at the
same position (easily spotted caudal to the melanized otolith and
ocellus) after settlement of the larva and during its rotation (Fig.
2 B–D). Soon after the beginning of metamorphosis, the YFP-
expressing cells started growing neurites (Fig. 2 B and C), and,

somewhat later, they had elaborated axons that circumnavigated
the first pharyngeal slits (Fig. 2D). At the transition between the
first and second ascidian stages, i.e., just before and after the
fusion of the atriopores (23) and onset of feeding, the neurite-
bearing, YFP-positive cells increased in number (Fig. 2 E and F).
In transgenic animals grown to adulthood, the cerebral ganglion
was brightly stained together with all major nerve roots (Fig. 3
A–C). YFP-positive axons were found in the paired anterior and
posterior nerves (Fig. 3B) as well as in the trunk and siphonal
nerves, which leave them to run along longitudinal ‘‘body wall’’
muscle bands (Fig. 3C) or project toward the siphons (data not
shown) (11). With the caveat that mosaicism of the transgene
may have obscured some projections, no neurite could be seen
on the surface of the heart or postbranchial digestive tract, whose
innervation is controversial and at best sparse (data not shown)

Fig. 1. Expression of CiPhox2 in embryos of C. intestinalis. Shown are lateral
views (anterior to the right) of mid-tailbud-stage embryos (A and C–H) and a
dorsal view of a late-tailbud-stage embryo (B) hybridized with the indicated
probes. In the insets are shown higher magnifications of the CiPhox2-positive
region. (A–F) CiPhox2 is coexpressed in a few cells behind the anlage of the
sensory vesicle (A–C), together with CiPax2�5�8 (D), and partially overlapping
caudally with CiHox1 (E and F). A Inset and B Inset feature magnifications
illustrating the presence of four and eight CiPhox2-positive cells, respectively
(asterisks). (C) Note that CiOtx is detected in axons projecting caudally from
the sensory vesicle (arrowhead). (G and H) CiMnx is expressed in two domains,
one caudal in unidentified cells and one rostral, marking part of the future
visceral ganglion, where it is coexpressed with CiChAT (data not shown) in,
presumably, the tail motoneurons. (H) Note the gap between CiMnx and
CiPhox2, which may correspond to presumptive larval interneurons.

Fig. 2. Expression of a CiPhox2::YFP transgene in the larva and during
metamorphosis. (A Left–F Left) YFP-positive cells are detected in the larval
neck (A Left) and at an equivalent position in neuronal precursors throughout
metamorphosis, from early rotational (23) (B Left) to late rotational (23) (C
Left and D), and juvenile (E and F) stages. (A Right–C Right) Schematic of larva
and rotational stages of metamorphosis. (A Inset–C Inset and D Right–F Right)
Magnifications of CiPhox2-positive cells. The type of long axon navigating
around gill slits seen in D is no longer seen at juvenile stages, likely obscured
by the thickness of the animal body wall. Fluorescence other than in neuronal
precursors was either due to autofluorescence of apoptotic cells [e.g., in the
degenerating tail (B–D) and CNS (D)] or spurious YFP expression (such as in the
tunic in C and D). Neuronal expression was found in 80–90% of electroporated
animals at all stages examined (51 larvae, 29 rotational stage animals, 8
juveniles, and 5 adults). ap, atriopore; e, endostyle; oo, otolith and ocellus; os,
oral siphon; rt, tail in the process of resorption; s, stigmata; st, stomach.
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(11, 24). Widespread CiPhox2 expression in the cerebral gangli-
onic cortex, where most neuronal cell bodies are found (11) was
confirmed by in situ hybridization (Fig. 3D) and immunohisto-
chemistry (Fig. 3 E and F). Counts on sections double-stained
with DAPI and anti-CiPhox2 showed that �75% of the nuclei in
the cortex, presumably neuronal, were CiPhox2-positive. Finally,
YFP expression did not reveal CiPhox2 expression outside the
cerebral ganglion, whether in neurons or any other cell type
(data not shown). Notably, we could not confirm by this method
the diffuse atrial expression of CiPhox2 recently reported in
addition to an earlier CNS expression (25).

The axonal projections and cholinergic phenotype (Fig. 3G) of
YFP-positive neurons argue that these neurons are motoneu-
rons, and their expression of CiPhox2 argues that they are
homologous with vertebrate branchiovisceral motoneurons (see
the Introduction). We further tested this homology by assessing
cerebral ganglionic neurons for the expression of the Ciona
orthologue (26) of the murine T-box transcription factor Tbx20,
which was previously described as a vertebrate motoneuron
marker (27) and which we found to be entirely specific for
branchial and visceral motoneurons of the hindbrain (Fig. 4
A–E). The ganglionic cortex indeed widely expressed CiTbx20
(Fig. 4F), and, in contrast with the larval visceral ganglion, did
not express CiMnx (data not shown). CiTbx20 was not expressed
in the larval neck. This situation is reminiscent of that in the
vertebrate hindbrain, where Phox2b expression preceeds that of
Tbx20, which is mostly confined to differentiated neurons (27).

Discussion
The ascidian larva has long been recognized as having a
chordate body plan (1). The ascidian larva shares extensive
morphological and molecular homologies with vertebrates,
and correspondences have been proposed between the rostro-

caudal divisions of its brain and those of vertebrates (reviewed
in ref. 28). Expression of CiPhox2 in the neck of the ascidian
larva leads us to revise the current model of the ascidian
‘‘tripartite brain’’ (2–7) so that its middle part, previously
homologized with the MHB (Fig. 5 A and B), is now homol-
ogous with the hindbrain (possibly including a MHB), to which
Phox2b and Phox2a expression is confined in vertebrates (Fig.
5 B and C). The caudal half of this region coexpresses CiHox1,
whose vertebrate orthologues of the paralogue 1 group have
anterior expression limits in the middle of the embryonic
hindbrain (29), and would thus be homologous with the caudal
hindbrain or myelencephalon, whereas the Hox-free rostral
half would be homologous with the metencephalon and�or
MHB. The caudal coexpression of CiPax2�5�8A with CiHox1
has no equivalent in vertebrates, whereas its rostral coexpres-
sion with CiPhox2 could be interpreted as a MHB feature, as
in the previous model and despite the lack of overlap with
CiOtx. However, the absence of Pax gene expression at an
equivalent position in either Amphioxus (30) or Oikopleura
(31) casts doubt on the chordate origin of a bona fide MHB.

This reassignment of a hindbrain status to the central narrow
domain abutting the presumptive sensory vesicle leads, in turn,
to homologize the caudally situated visceral ganglion with the
spinal cord of vertebrates rather than their hindbrain, as previ-
ously proposed. This view is compatible with the expression of
Hox genes [CiHox1 and CiHox3 (ref. 32 and this paper)] and of
CiMnx, the orthologue of Hb9 and Mnr2, two markers of somatic
motoneurons, the vast majority of which are in the spinal cord.
Indeed, the ill-named visceral ganglion of the larva (which has
no viscera) innervates the tail muscles (7) and, thus, has loco-
motor function like the spinal cord. Accordingly, we propose to
change its name back to that initially given by Kowalevski (1):
rumpfganglion, i.e., trunk ganglion. Finally, it is unclear how

Fig. 3. Expression of the CiPhox2::YFP transgene in the cerebral ganglion of adult Ciona. (A) Diagram of the upper half of the adult Ciona showing the body
wall muscle bands, the cerebral ganglion and major nerves (adapted from ref. 11). Note that some variability has been described in the arrangement of both
nerves and muscle bands (11). ant.s.n., anterior siphonal nerves; g., cerebral ganglion; p., pericoronal nerve; post.s.n., posterior siphonal nerves; t.n., trunk nerves.
(B) (Left) Dorsal view of the cerebral ganglion and its five canonical roots, plus an additional root rostrally on the left, all labeled with YFP. (Right) Schematic
of the ganglion and roots. al, anterior left nerve ar, anterior right nerve; ln, lateral nerve (inconstant); pl, posterior left nerve; pr, posterior right nerve; vn, visceral
nerve. (C) Lateral view of a transgenic adult animal showing the YFP-labeled cerebral ganglion, longitudinal nerves coursing along body wall muscle bands
(superimposed on the right), and the pericoronal nerve (p) running across the oral siphon. (D–G) Magnifications of sections through the cortex of the ganglion
hybridized with CiPhox2 (D), stained with DAPI (E), immunostained with an anti-CiPhox2 antibody (F), and hybridized with CiChAT (G).
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legitimate it is to homologize the tail nerve cord (which is devoid
of neurons) with any part of the vertebrate CNS.

By monitoring the expression of a CiPhox2::YFP transgene from
the larval stage on, we show a spatiotemporal continuity of expres-
sion between the larval neck region and the motoneurons in the
cerebral ganglion of the filter-feeding adult. Although at this stage
we cannot formally exclude that the larval CiPhox2-expressing cells
turn off CiPhox2 or die, whereas other cells, either born or having
migrated in their close vicinity, acquire it, the fine-grain time course
of our monitoring (approximately every half day) pleads in favor of
a lineage relationship between the larval neck and the postmeta-
morphic cerebral ganglion. Thus, the seemingly radical remodeling
of the ascidian CNS during metamorphosis boils down to the
resorption of its anterior (prosencephalic) and posterior (spinal)
parts (the sensory vesicle and trunk ganglion, respectively) and the
expansion and differentiation of its middle part, which can be seen
as a set-aside or prospective hindbrain. These changes logically
parallel the shedding of the ‘‘somatic animal’’ in Romer’s (17) terms
(i.e., the sensory and motor structures required for navigation and
locomotion of the larva) and the differentiation and expansion of
the ‘‘visceral animal’’ (i.e., the pharynx and postpharyngeal diges-
tive tract required for feeding and breathing in the sessile adult).

Not only do our data reduce the gap between the ascidian and
vertebrate adult neuroanatomy but they also shed light on the
origin of cranial nerves. Anatomical considerations had previ-
ously suggested a homology of vertebrate branchiovisceral mo-
toneurons with the so-called ‘‘visceromotor neurons’’ of cepha-
lochordates (33). We now show that the transcriptional code
Phox2�Tbx20, which uniquely defines branchiovisceral motoneu-
rons in the vertebrate CNS, also characterizes ascidians adult

motoneurons. This finding strongly argues that cranial nerves V,
VII, IX, X, and XI that serve the feeding and breathing purposes
of the vertebrate ‘‘new head’’ (34) are elaborations on the nerves
of a chordate, filter-feeding ‘‘old throat.’’ With hindsight, this
homology could have been envisaged based on the anatomy of
the target muscles. The muscle bands innervated by CiPhox2�
CiTbx20-positive neurons, although separated from the pharynx
and its few intrinsic muscle fibers by the ectodermal invagination
of the atrial cavity, are coextensive with them and indeed
continuous on their edges and through multiple bridges (trabec-
ulae) across the cavity (11). The function of these muscles is to
close the pharynx (by contracting the oral siphon) or to contract
it together with the surrounding atrium. Despite their name,
body wall muscles are, thus, branchial on the basis of both
connectivity and function. These considerations raise the in-

Fig. 4. Expression of Tbx20 in the CNS of mouse and Ciona. (A–D) Sections
through the hindbrain of an embryonic-day-16.5 mouse embryo hybridized
with a Tbx20 probe showing expression restricted to branchial and visceral
motor nuclei: the trigeminal nucleus (nV) (A), the facial nucleus (nVII) (B), the
nucleus ambiguus (nA) (C), the dorsal motor nucleus of the vagus nerve
(dmnX) (D), and the accessory nucleus (nXI) (E), to the exclusion of somatic
ones such as the hypoglossal (nXII in D) and abducens (data not shown). (F)
(Left) Section through Ciona’s cerebral ganglion hybridized with CiTbx20.
(Right) Magnification of boxed area. The sense probe gave no signal (data not
shown). (Scale bar, 100 �m.)

Fig. 5. Homologies between rostrocaudal regions of the ascidian and ver-
tebrate CNS and between their motoneuronal derivatives. (A) Previously
proposed version of the ascidian tripartite brain model (4), based on gene
expression in Halocynthia rorertzii. (B Upper) Rostrocaudal partition of the
vertebrate CNS. (C Upper) Revised version of the ascidian larval brain model
based on the present study. Regions of the CNS are color-coded as indicated
in the key, according to the vertebrate nomenclature. Boxes on the left side of
each model, color-coded as indicated in the key, demarcate neuroepithelial
gene expression patterns used to define these regions. In mouse, Hox1 ex-
pression initially extends from rhombomere 4 to the caudal end of the spinal
cord (41, 42) and is secondarily extinguished in the caudal myelencephalon
(stippled light-gray box). In the previous version of the tripartite model (A),
Phox2 was not examined and no overlap was detected between Pax2�5�8 and
Hox1 (2). In the new model (C), both the pattern of Phox2 expression and its
overlap with Hox1 lead to redefine the middle part of the larval brain as a
hindbrain and to subdivide it into a posterior myelencephalon (blue) and an
anterior metencephalon and�or MHB (pink and blue hatching). The trunk
ganglion is homologous to the spinal cord, whereas the correspondence of the
larval caudal cord (shaded in gray) with parts of the vertebrate CNS, if any, is
uncertain. (B Lower and C Lower) Schematic of vertebrate (B Lower) and adult
ascidian (C Lower) motoneurons color-coded according to, simultaneously,
their origin and nature. Blue indicates branchiovisceral motoneurons born in
the hindbrain; green indicates somatic motoneurons born in the spinal cord.
No somatic motoneuron is detected in the ganglion of adult Ciona. In verte-
brates, all branchiovisceral motor nuclei are born in the hindbrain, and
somatic ones are born in the spinal cord except for the abducens (VI) and
hypoglossal (XII), which were omitted for clarity.
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triguing possibility that the mesoderm, which gives rise to the
ascidian body wall muscles, is homologous to the paraxial
mesoderm of the vertebrate head, which gives rise to branchial-
arch-associated muscles and whose evolutionary status is, so far,
totally unresolved.

Materials and Methods
Animals, Embryos, and Transgenesis. Adult animals were purchased
from the Station de Biologie Marine (Roscoff, France), and
embryos were obtained as described in ref. 35. Dechorionated
eggs were electroporated according to ref. 36. At stage 6 (23),
animals were transferred to an aquarium filled with artificial sea
water and fed for up to 3 months the unicellular alga Isochrysis
galbana and the diatom Chaetoceros gracilis.

In Situ Hybridization on Embryos. Antisense digoxigenin (DIG) and
fluorescein-labeled riboprobes were synthesized with a tran-
scription kit (Roche Diagnostics) by following the manufactur-
er’s instructions. For in situ hybridization, embryos were incu-
bated overnight at 4°C in fixative (4% paraformaldehyde�0.1 M
Mops buffer, pH 7.5�2 mM Mg2SO4�1 mM EGTA�0.5 M NaCl)
and washed in PBS�0.1% Tween 20 (PBT); permeabilized for 30
min with 2 �g�ml proteinase K in PBT at 37°C; treated with 2
mg�ml glycine in PBT and washed in PBT; and treated 15 min
with 0.1 M triethanolamine�0.15% acetic anhydride and washed
in PBT. Prehybridization lasted 2 h, and hybridization was
conducted overnight at 55°C in 50% formamide�5� SSC (1�
SSC � 0.15 M sodium chloride�0.015 M sodium citrate, pH
7)�5� Denhardt’s solution (0.02% polyvinylpyrrolidone�0.02%
Ficoll�0.02% BSA)�500 mg�ml herring sperm DNA�250 mg�ml
yeast RNA, followed by washes at 55°C with 50% formamide�2�
SSC, washes at room temperature with 0.2� SSC�0.1% Tween
20, and, finally, washes at room temperature with TNT (0.1 M
Tris�HCl, pH 7.5�0.15M NaCl�0.1% Tween 20). The hybridized
embryos were blocked in TNB (0.1 M Tris�HCl, pH 7.5�0.15 M
NaCl�0.5% blocking reagent; PerkinElmer) for 1 h, then incu-
bated for 6 h in alkaline phosphatase-coupled anti-DIG Fab
fragments (1�2,000) (Roche Diagnostics) in TNB, washed in
TNT, then treated for standard detection as described by Roche.
For simultaneous detection of two probes, the glycine treatment
was followed by an incubation with 2% H2O2 in ethanol, and
hybridization was performed in the presence of DIG and FITC
probes, followed by washing steps and incubation with horse-
radish peroxidase-coupled anti-FITC Fab fragments (Roche
Diagnostics). The embryos were then washed with TNT and
incubated for 5 min in the CY3-tyramide working solution
(PerkinElmer). After washing steps in TNT and incubation for
10 min with 50% formamide�2� SSC�0.1% Tween 20 at 55°C,
they were blocked once more in TNB and incubated overnight
at 4°C with horseradish-coupled anti-DIG Fab fragments
(Roche Diagnostics), washed in TNT, and incubated for 5 min
in the FITC-tyramide working solution (PerkinElmer). Speci-
mens were washed in TNT, mounted in Fluorsave (Calbiochem),
and analyzed with a LEICA TCS SP2 confocal microscope.

Immunohistochemistry and in Situ Hybridization on Sections. Mouse
embryos were treated as described in ref. 21. Neural complexes (i.e.,
cerebral ganglion and neural gland) of adult ciona were fixed for 1 h
(for immunohistochemistry) or overnight (for in situ hybridization)
at 4°C, then cryoprotected in 20% sucrose in PBS and embedded

in Tissue-Tek (Sakura, Zoeterwoude, The Netherlands). For im-
munohistochemistry, 14-�m sections were blocked in PBT�10%
FCS for 30 min and then incubated overnight at 4°C with the rabbit
anti-Phox2 antiserum (1�500 in PBT�10% FCS). The sections were
then incubated with a Cy3-conjugated donkey anti-IgG antiserum
(Jackson ImmunoResearch) for 2 h (1/200 in PBT�10% FCS).
Nonimmune rabbit serum was used as a control. The rabbit
antiserum was produced (Neosystem, Strasbourg, France) by using
a BSA-coupled 19-mer corresponding to the N terminus (MPTA-
AAYGLNSLRDQSPYC) of the CiPhox2 protein. In situ hybrid-
ization was done as described in ref. 21, except that hybridization
was carried out at 60°C instead of 70°C. Sense riboprobes were used
as controls.

Cloning and Constructs. We identified exons 1–3 of CiPhox2 by
searching the C. intestinalis genome (37) for similarity with the
vertebrate Phox2 homeobox sequence and the C. savignyi ge-
nome for phylogenetic footprints with C. intestinalis. The com-
plete coding sequence was PCR-amplified from total RNA of
adult animals with the following primers: CGGAAACTGC-
CAGCCACCGATG (forward); CTCGTCGGAATCGTCA-
GATAACC (reverse). The 589-bp fragment was cloned in
pGEMT, then shortened to 486 bp to eliminate a repetitive
sequence in the 3� UTR (GenBank database accession no.
DQ530507).

Probes used for in situ hybridization were CiPhox2 (see above),
CiChAT (38), CiOtx (39), and CiPax2�5�8-A (gene collection
assembled at Kyoto University by N. Satoh and collaborators).
Others were amplified by RT-PCR from total larval RNA:
CiHox1 (715 bp; forward primer, TCACGTGACTATATTCAT-
GTCCGCCTC; reverse primer, CAATGAATCGTACCCA-
ACCTCCAATCC), CiMnx (660 bp; forward primer, CAGA-
CACGACGCCCCATCACTTGG; reverse primer, AAGACA-
AGTTCGTGTGTACACTGAACACAGTG), CiTbx20 (641 bp;
forward primer, GTATTCTGGAAACAAAAGATTTGT-
GGGG; reverse primer, TTATAAAAACATAACCAACCTT-
TCAAATTCGTTC). The mouse Tbx20 probe was isolated from
an E10.5 rhombomere 4-specific cDNA library (N. Grillet, C.G.,
and J.-F.B., unpublished data).

To construct the CiPhox2::YFP transgene, C. intestinalis and C.
savignyi genomic sequences were compared with the VISTA
algorithm (40) with 80-bp windows and a 65% identity threshold.
A 3,015-bp genomic DNA region (ending in 3� at the CiPhox2
ATG codon) was PCR-amplified with the primers CATCA-
GAAGCTTTTCGTGAAGCGGACGTTTTCT (forward) and
CGGGATCCTGTAGGCATCGGGGGTTG (reverse) and
cloned in pSD-YFP (35), producing an in-frame fusion of the
ATG with YFP.
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