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Abstract

Gonadotropin-releasing hormone (GnRH) is a neuroendocrine peptide that plays a central role in the vertebrate
hypothalamo-pituitary axis. The roles of GnRH in the control of vertebrate reproductive functions have been established,
while its non-reproductive function has been suggested but less well understood. Here we show that the tunicate Ciona
intestinalis has in its non-reproductive larval stage a prominent GnRH system spanning the entire length of the nervous
system. Tunicate GnRH receptors are phylogenetically closest to vertebrate GnRH receptors, yet functional analysis of the
receptors revealed that these simple chordates have evolved a unique GnRH system with multiple ligands and receptor
heterodimerization enabling complex regulation. One of the gnrh genes is conspicuously expressed in the motor ganglion
and nerve cord, which are homologous structures to the hindbrain and spinal cord of vertebrates. Correspondingly, GnRH
receptor genes were found to be expressed in the tail muscle and notochord of embryos, both of which are phylotypic axial
structures along the nerve cord. Our findings suggest a novel non-reproductive role of GnRH in tunicates. Furthermore, we
present evidence that GnRH-producing cells are present in the hindbrain and spinal cord of the medaka, Oryzias latipes,
thereby suggesting the deep evolutionary origin of a non-reproductive GnRH system in chordates.
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Introduction to its reproductive roles, however, the non-reproductive roles of
GnRH are less well understood.

Tunicates are the sister group of vertebrates [15,16]. It has been
suggested that GnRH is involved in reproductive control in sessile
tunicates, namely ascidians [17-19]. Despite their simplicity in
anatomical organization and reproductive mode, GnRHs and
their receptors exhibit a rich diversity in tunicates; six GnRH
peptides and four receptors are encoded by the genome of the
ascidian Ciona intestinalis [19-21]. This molecular complexity of the
GnRH system leads us to hypothesize a non-reproductive role of
GnRH in ascidians as well. Such a non-reproductive role of
GnRH has been suggested by the presence of transcripts encoding
GnRH in Ciona embryos and larvae [19]. GnRH-like immuno-

Gonadotropin-releasing hormone (GnRH) plays a pivotal role
in controlling reproductive functions in vertebrates. Three major
GnRH systems have been characterized in vertebrates: the
conventional hypophysiotropic GnRH (GnRH1) system and two
extrahypothalamic GnRH (GnRH2 and GnRH3) systems [1—4].
The hypothalamic GnRH1 regulates the reproductive endocrine
system by facilitating the release of gonadotropins from the
pituitary. The cell bodies of the GnRH2 and GnRH3 systems are
localized in the midbrain and the terminal nerves, respectively.
Whether hypophysiotropic or extrahypothalamic, most functions
of the GnRH systems have been implicated in the control of
reproductive activities, such as gonad development, gonad
function, and reproductive behaviors [2,3]. Non-reproductive
roles of GnRH have been suggested by the broad distribution of
GnRH receptors (GnRHRs) in the central nervous system [5-8] as
well as by projection of GnRH neurons to wide areas in the brain
[3,9]. Furthermore, the presence of GnRH in early embryos and
experimental manipulation of GnRH activity suggest develop-
mental roles of GnRH in vertebrate embryos [10-14]. Compared

reactivity in adult sensory neurons of some species also suggests
non-reproductive roles of GnRH in ascidians [22,23].

The roles and localization of GnRHs have been investigated in
adult tunicates, which exhibit an extremely modified form as
chordates, while little is known about GnRH systems in the
larvae, which exhibit a well-conserved chordate body plan. Here
we show a novel non-reproductive feature of the GnRH system
in C. intestinalis larvae. Our results suggest that tunicates evolved
a sophisticated GnRH system with specific interactions between
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multiple ligands and receptors. The GnRH genes are conspic-
uously expressed in the central nervous system (CNS) through
the entire antero-posterior body axis. Correspondingly, the
GnRH receptor genes are specifically expressed in the phylotypic
axial structures along the CNS. We further present evidence for
localization of cells producing GnRH in the hindbrain and spinal
cord of vertebrates. Our findings demonstrate that the GnRH
system 1s deeply associated with the chordate-specific character-
istics and suggest the evolutionary conservation of a non-
reproductive GnRH system between tunicates and vertebrates.

Results

Prominent Expression of gnrh Genes in the Ciona
intestinalis Larva

Six GnRH peptides, tGnRH-3 to -8, are encoded by two
genes, Ci-gnrhl and Ci-gmh2 in C. intestinalis (Fig. S1) [19]. In
previous studies, localization of GnRHs or their mRNAs in
ascidians were examined in adult tissues [17,19,24-26]. Expres-
sion of the Ci-gnrhl and Ci-gnrh2 genes has been demonstrated
during larval development by RT-PCR [19], but their spatial
expression patterns have not been reported. To elucidate
potential sites utilizing GnRH signaling in ascidian larvae, we
examined the spatial expression patterns of Ci-gnihl and Ci-gnrh2
in C. intestinalis larvae by whole-mount i situ hybridization. Both
genes were found to be specifically but distinctly expressed in the
nervous system of the larvae (Fig. 1A, B). Ci-gnhl is strongly
expressed in a population of cells in the brain vesicle, the
anterior portion of the central nervous system (Fig. 1A, C).
Transcripts of Ci-gnrhl were also detected in the motor ganglion
(also called “visceral ganglion”; we adopt here a terminology
recently proposed by Nishino et al. [27]), but its expression level
was much lower than that in the brain vesicle (Fig. 1C). In
addition to the expression in the central nervous system, Ci-gnrhl
is also expressed in parts of the peripheral nervous system: it is
expressed in a few cells in the adhesive organ and a sub-
population of rostral epidermal neurons (RTENs) (Fig. 1C). The
cells expressing Ci-gnrhl in the adhesive organ are likely to be
papillar neurons, as they possess long neurites (probably axons) as
visualized by GFP under the control of the cis-regulatory region
of Ci-gnrhi (Fig. 1D). The Ci-gnrhi::gfp fusion construct could also
visualize the brain vesicle and the motor ganglion (Fig. 1D).

The expression of Ci-gnrh2 was detected mostly in the central
nervous system. The most conspicuous expression site of Ci-gnrh2
was the caudal nerve cord; it was expressed throughout the entire
nerve cord from the posterior trunk to the tail tip (Fig. 1B). The
brain vesicle and the motor ganglion also contained cells
expressing Ci-gnrh2 (Fig. 1B, E). In the brain vesicle, there are at
least two populations of Ci-gnrh2-expressing cells: one is located
close to the ocellus pigment cell, while the other is located in the
posterior brain region (Fig. 1E). Expression of GFP under the
control of the cs-regulatory region of Ci-gnrh2 recapitulated the
endogenous gene expression pattern (Fig. 1G). In some specimens,
Ci-gnrh2::gfp visualized a neuron in the motor ganglion, which had
a neurite (presumably an axon) extending into the tail along the
nerve cord (Fig. 1H).

Four GnRH Receptor Paralogs in C. intestinalis

Four GnRH receptors (Ci-GnRHR1, Ci-GnRHR2, Ci-
GnRHR3, and Ci-GnRHR4) are encoded in the genome of C.
intestinalis [20,21]  (Fig. 2A). We previously identified and
characterized Ci-GnRHR1 and Ci-GnRHR2 [20], and Tello et
al. [21] reported identification of Ci-GnRHR3 and Ci-GnRHR4
along with functional characterization of the four C. intestinalis
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GnRH receptors. In this study, we independently isolated full-
length ¢cDNA clones for Ci-GnRHR3 and Ci-GnRHR4. The Ci-
GnRHR4 cDNA clone we isolated contained an additional exon at
the 3’ end, resulting in an extended sequence coding for a 411
amino acids polypeptide as compared to the previously reported
366 amino acids polypeptide [21]. The positions of introns,
including this newly identified intron, are conserved among all C.
intestinalis GnRH receptor genes (Fig. S2). Another new finding is
that the 5" ends of the Gi-GnRHR3 and Ci-GnRHR4 cDNAs have
a spliced leader sequence (5'-ATTCTATTTGAATAAG-3'),
which is identical to that found in the C. intestinalis troponin I
gene [28]. The nucleotide sequences of the Ci-GnRHR3 and Ci-
GnRHR4 cDNAs have been deposited in the DDBJ, EMBL, and
GenBank Nucleotide Databases under the accession numbers
AB540990 and AB540991, respectively.

There are a number of amino acid differences between the
previously reported sequences of Ci-GnRHR3 and Ci-GnRHR4
obtained from a north Atlantic population in Woods Hole, MA [21]
and the present sequences obtained from a Pacific population in
Japan; eighteen and 7 amino acids were different in Ci-GnRHR3
and Ci-GnRHR4, respectively (Fig. S2). Similar extent of sequence
divergence between North Atlantic and Pacific populations was also
reported for Ci-GnRHR1 and Ci-GnRHR2 [21] (Fig. S2). Recent
studies have revealed the existence of two cryptic species: C.
intestinalis sp. A, distributed in the Mediterranean, northeast Atlantic,
and Pacific, and C. intestinalis sp. B, found in the North Atlantic [29].
Thus, the observed divergence between the two sets of Ci-GnRHR
sequences is probably attributable to the genetic variations between
C. intestinalis sp. A and C. intestinalis sp. B.

Molecular Phylogeny of the GnRHR Family

Roch and colleagues recently reported a large-scale phyloge-
netic analysis of GnRHRs [30]. We also examined the phyloge-
netic relationships among GnRHRs, and compared our results
with the previous study [30]. The protein dataset analyzed
consisted of 55 receptor sequences, including two new lamprey
GnRHRs, and the human oxytocin and vasopressin V2 receptors,
used as outgroups (Table S1). Multiple sequence alignment was
performed using TM-Coffee [31], which is specifically designed to
align transmembrane proteins. Only the aligned residues with
a high confidence index were retained (see Materials and
Methods). Maximum Likelithood (ML) phylogenetic inference
was carried out using PhyML v3 [32], Leaphy v1.0 [33] and
RAxML v7.2.8 [34], for these programs use different tree-space
search strategies. The three strategies converged on the same
topology, which is shown in Fig. S3. See Materials and Methods
for details.

Our results are largely consistent with the previous report [30].
First, GnRH receptors form a superfamily with corazonin (Crz)
and adipokinetic hormone (AKH) receptor families. Second, the
four GnRH receptors in C. ntestinalis belong to a paralogous
cluster (possibly tunicate-specific). Third, there are two distinct
lineages of amphioxus GnRH receptors [35], one (amphioxus
GnRHRI and 2) closely related to the vertebrate and tunicate
GnRH receptors and the other (amphioxus GnRHR3 and 4)
grouped together with protostome GnRH and corazonin recep-
tors. Fourth, diversification of GnRH receptors occurred in-
dependently in each chordate subphylum, although we could not
statistically resolve interrelationships among vertebrate, tunicate,
and cephalochordate GnRHRs.

A major difference between the present result and the tree by
Roch et al. [30] is the position of sea urchin GnRHRs. These
authors proposed that sea urchin GnRHRs are orthologs of
CrzRs/GnRHRs. In contrast, in our analysis, the three sea urchin
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Figure 1. Expression of gnrh genes in the Ciona intestinalis larvae. Spatial expression patterns of Ci-gnrh1 (A, C, and D) and Ci-gnrh2 (B, E, G,
and H) in a whole body (A, B, and G) or trunk region (C-F, and H) of C. intestinalis larvae. The gene expression was visualized by whole-mount in situ
hybridization (A, B, C, and E) or by GFP reporter expression under the control of the regulatory region of Ci-gnrh1 (D, G, and H). (F) An unstained
control larva showing the otolith (ot) and ocellus (oc) pigment cells in the brain vesicle. White arrowheads in (D) indicate GFP-positive axons of
papillar neurons (pn). The white arrowhead in (H) indicates a GFP positive neurite. bv, brain vesicle; nc, nerve cord; rten, rostoral trunk epidermal
neuron; mg, motor ganglion. Scale bars: 100 um in (A); 50 um in (C).

doi:10.1371/journal.pone.0041955.g001

receptors lie basal to the chordate clade. We consider this topology difference (Alogl.=9.43) between our topology and the one
more likely than the alternative topology (i.e., GnRHR + AKHR/ proposed by Roch et al., though the latter cannot be excluded on
ACPR clade, Fig. 5 in [30]) given the high log-likelihood statistical grounds (see Materials and Methods).
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Figure 2. The C intestinalis GnRH receptors (GnRHRs) and spatial expression patterns of gnrhr genes in the larva. (A) Genomic
organization of the C. intestinalis GnRHRs. Three GnRHRs (Ci-GnRHR1, Ci-GnRHR2, and Ci-GnRHR3) are encoded by a gene cluster located on Scaffold
93 while the gene encoding another GnRHR (Ci-GnRHR4) is located in Scaffold 198. Arrows indicate the location and orientation of the genes. Gene
model IDs in the JGI version 1.0 genome database are indicated below the arrows. (B-E) Whole larvae showing localization of transcripts of Ci-GnRHR1
(B), Ci-GnRHR2 (C), Ci-GnRHR3 (D), or Ci-GnRHR4 (E). (F1-F3) A middle part of the tail of the same individual with different focal planes showing muscle
cells and caudal epidermal neurons (cen) expressing Ci-GnRHR2. (G-1) GFP reporter expression in the tail muscle (mu) or notochord (no) under the
control of the regulatory region of Ci-GnRHR1 (G), Ci-GnRHR2 (H), or Ci-GnRHR3 (1). cen, caudal epidermal neuron; mu, muscle; no, notochord. Scale

bars: 100 um in (B), 50 um in (F1) and (G).
doi:10.1371/journal.pone.0041955.9g002

Ciona GnRHRs are Expressed in Phylotypic Axial
Structures

The conspicuous expression of Ci-gnrhl and Cir-gnh?2 in the
larvae suggests that their receptors are also present and function at
the larval stage. In previous studies, however, spatial expression
patterns of genes encoding Ci-GnRHRs was only examined in
adult tissues [20,21]. We, therefore, examined spatial expression
patterns in the larva of (i-GnRHRI, Ci-GnRHR?2, (i-GnRHRS3, and
Ci-GnRHR4 by whole-mount i situ hybridization. All Ci-GnRHR
genes are expressed in the brain vesicle (Fig. 2B, C, D, E). Ci-
GnRHRI, Ci-GnRHR?2, and Ci-GnRHR3 are also expressed in the
motor ganglion (Fig. 2B, C, D). In addition, Ci-GnRHRI and Ci-
GnRHR?Z are expressed in the adhesive organ and the tail muscle
cells (Fig. 2B, C, F). Ci-GnRHR? is also expressed in some cells
located on the dorsal and ventral midlines of the tail (Fig. 2C, F).
These midline cells seem to be caudal epidermal neurons, which
express a glutamatergic marker (i-VGLUT [36]. Ci-GnRHR3 is
also expressed in the tail, but the expression pattern is different
from those of Ci-GnRHRI and Ci-GnRHRZ; its expression is more
evident in the proximal (anterior) than distal region of the tail
(Fig. 2D). The cells expressing Ci-GnRHR3 in the tail are
distributed along the cavity of the notochord in a pattern similar
to that of nuclei in the mature notochord [37]. The expression of
Ci-GnRHRI and Ci-GnRHRZ2 in muscle cells and Ci-GnRHR3 in
notochord cells was further supported by GFP reporter expression
under the control of the ¢is-regulatory region of each gene (Fig. 2G,
H, I). In summary, Ciona GnRHRs are conspicuously expressed in
phylotypic axial structures, including the central nervous system,
notochord, and paraxial muscle.

Signaling and Regulation of Ciona GnRHRs

We confirmed the previous report [21] that in COS-7 cells Ci-
GnRHRI activates IP generation in response to tGnRH-6 (Table
S2). We also found that tGnRH-7 and tGnRH-8 were able to
stimulate IP accumulation in COS-7 cells expressing Ci-
GnRHRI, but yet with relatively high EC5q values (Table S2).
In HEK293-MSR cells expressing Ci-GnRHRI, in which
elevation of intracellular Ca®" is induced with much lower
concentrations of tGnRHs than IP generation in COS-7 cells
[38], tGnRH-6 evoked the most potent elevation of intracellular
Ca**, whereas other tGnRHs showed 10-fold to 1000-fold lower
activities (Table 1; Fig. S4A). No significant Ca®* increase was
observed in cells expressing Ci-GnRHR2, 3, or 4 in response to
any tGnRHs. These results confirmed that Ci-GnRHRI1 exclu-
sively stimulates mobilization of intracellular Ca** with high
specificity to tGnRH-6.

Activation of the cAMP pathway by tGnRHs has been reported
as another cellular response in COS-7 cells expressing Ci-
GnRHRs [21]. We examined induction of cAMP production by
each combination of tGnRH and Ci-GnRHR in HEK293-MSR
cells. Our results obtained using HEK293-MSR cells (Table 2; Fig.
S4B, C, D) are compatible with the previous report using CGOS-7
cells [21], indicating the ligand-selective cAMP production
mediated by Ci-GnRHR1, Ci-GnRHR2, and Ci-GnRHR3. We
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Table 1. EC5 values (nM) of tGnRHs for intracellular calcium
ion mobilization in HEK293-MSR cells expressing only Ci-
GnRHR1 or co-expressing Ci-GnRHR1 and 4.

Ci-GnRHR1 Ci-GnRHR1&4
tGnRH-3 >100 >100

tGnRH-4 >100 >100

tGnRH-5 >100 >100

tGnRH-6 6971 055

tGnRH-7 100 88.8

tGnRH-8 >100 >100

The ECs, values of tGnRH-6 are underlined to emphasize the dramatic increase
in the potency on the cells co-transfected with Ci-GnRHR1 and 4.
doi:10.1371/journal.pone.0041955.t001

also confirmed that Ci-GnRHR4 was devoid of cAMP production
or inhibition upon application of any tGnRHs (data not shown).

We recently demonstrated that Ci-GnRHR4 could form
a heterodimer with Ci-GnRHR1 and Ci-GnRHR2 & vivo and
modulate signaling via these receptors [38,39]. Here we further
evaluated the specificity of the modulator function of Ci-
GnRHR4. In the cells co-transfected with Ci-GnRHR1 and Ci-
GnRHR4, tGnRH-6 exhibited approximately 10-fold more
potent activity on intracellular calcium mobilization than in the
cells expressing Ci-GnRHRI1 alone, whereas the activities of other
tGnRHs were not up-regulated (Fig. S4E and Table 2). In
contrast, co-expression of Ci-GnRHR1 and Ci-GnRHR4 resulted
in no significant alteration of pharmacological profiles of cAMP
production, although the maximal levels of cAMP by tGnRH-6
and tGnRH-8 were slightly increased (Fig. S4F). In cells co-
expressing Ci-GnRHR3 and Ci-GnRHR4, cAMP production did
not differ in potency, magnitude, or ligand selectivity, compared to

Table 2. EC;, values (nM) of t-GnRHs for cAMP production in
HEK293-MSR cells expressing only Ci-GnRHRI1, 2, 3 or co-
expressing Ci-GnRHR1 and 4, or Ci-GnRHR3 and 4.

Ci- Ci- Ci- Ci- Ci-
GnRHR1 GnRHR2 GnRHR3 GnRHR1&4 GnRHR3&4
tGnRH-3  >100 >100 195 >100 19.1
tGnRH-4  >100 >100 >100 >100 >100
tGnRH-5  >100 >100 9.19 >100 6.09
tGnRH-6  0.334 >100 >100 0318 >100
tGnRH-7 34 292 >100 27.6 >100
tGnRH-8 31 8.78 >100 19.9 >100

No markedly altered effects of co-expression with Ci-GnRHR4 on activities of
tGnRHs were detected.
doi:10.1371/journal.pone.0041955.t002
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cells expressing Ci-GnRHR3 alone (Fig. S4G and Table 2). Thus,
the regulatory function of Ci-GnRHR#4 is specific to a ligand,
partner receptor, and intracellular signaling pathway.

Putative GnRH-producing Neurons in the Vertebrate
Hindbrain and Spinal Cord

Unexpectedly conspicuous expression of Ci-gnh2 in the motor
ganglion and the nerve cord motivated us to ask whether similar
expression of gnrh genes are found in vertebrates. To the best of
our knowledge, however, the GnRH-producing cell bodies have
not been reported in the vertebrate hindbrain and spinal cord. We
adopted medaka O. latipes as a vertebrate model because both its
GnRHs and their receptors have been well characterized [40,41]
and cells expressing genes of interest are easily visualized in living
animals by promoter transgenics [42,43].

Among the three genes (gnrh!, gnrh2, and gnrh3) encoding GnRH
in medaka, we focused on gnh2 for the following two reasons.
First, embryonic expression has been reported for gnrhl and gnrh3
[44], but not for gnh2. Second, chicken GnRH-II, which is
encoded by the medaka gnh2 gene [40], can effectively activate
Ci-GnRHRs [21]. We isolated a 5-kb upstream region of medaka
gnrh2 and used it to drive the GFP reporter in medaka embryos.
Three days after fertilization, GFP fluorescence specifically
appeared in the central nervous system, including the hindbrain
and spinal cord (Fig. 3A). In the hindbrain, cell bodies of some
reticulospinal neurons were labeled with GFP (Fig. 3B). Their
axons that extend into spinal cord were also labeled (Fig. 3B). In
the spinal cord, at least two types of neurons were labeled. One
type includes neurons with a primary axon that first extends
ventrally, turns rostrally in the ventral spinal cord, and then
ascends on the ipsilateral side of the spinal cord among other
axons in the marginal zone (Fig. 3C). The morphology of this type
of neurons closely resembles that of V1 inhibitory interneurons
[45-47]. Labeled neurons of the other type were commissural
neurons whose axons extended across the ventral midline towards
contralateral sides (Fig. 3D). Neurons of the former type were
more abundant among GFP-positive neurons; they distributed
throughout the entire spinal cord along the antero-posterior axis.
The expression of gnrh2 in the hindbrain and spinal cord of the
medaka was further confirmed by RT-PCR. Transcripts of gnrh2
were detected in the midbrain, hindbrain and spinal cord, while
those of gnhl and gnrh3 were only detected in the forebrain and
midbrain (Fig. 3E). The results suggest that cells expressing a gnrh
gene are present in the vertebrate hindbrain and spinal cord.

Discussion

Complexity of the GnRH System in Tunicates

Two or more GnRH peptides and their receptors have been
reported in most animal species studied [48-50]. Among these, the
tunicate C. intestinalis is particularly striking for the multiplicity of
GnRH ligands and receptors. In the present study, we showed that
the genes encoding all these peptides and receptors were
conspicuously expressed in the larvae. Expression patterns of
these genes are distinct from each other. The differential
expression of paralogous genes adds further complexity to the
tunicate GnRH system.

Tello et al. [21] reported selective activation of Ci-GnRHRs by
different t-GnRHs, and previous works, we demonstrated that Ci-
GnRHR4 could modulate Ci-GnRHR1 and Ci-GnRHR2 signal-
ing via heterodimerization [38,39]. The present study confirmed
these previous findings and further extended the understanding of
the selectivity and specificity of these molecular interactions.
Expression patterns of Ci-GnRHR and Ci-gnrh genes are consistent
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with receptor-ligand selectivity. For example, Ci-GnRHR1 and Ci-
GnRHR2 in muscle cells can be activated by tGnRH-7 and tGnR H-
8, which are encoded by Ci-gnh2 expressed in the nerve cord. Ci-
gnrhl encodes tGnRH-6, which is the most potent ligand for Ci-
GnRHR1 and a moderate activator for Ci-GnRHRZ2; consistently,
Ci-gnrhl, Ci-GnRHRI, and Ci-GnRHR?2 are all expressed in the
adhesive organ and in the brain vesicle. Ci-gnhl also encodes
tGnRH-3 and tGnRH-5, potential ligands for Ci-GnRHRS3. Ci-
GnRH3 is expressed in the brain vesicle, motor ganglion, and
anterior notochord, which are reasonably close to the expression
sites of Ci-gnrhl. The consistency between expression patterns and
effective ligand-receptor combinations suggests the functional
significance of GnRH signaling in the ascidian larva.

Ci-GnRHR4 is a positive regulator for Ci-GnRHRI1 in the
generation of intracellular calcium ions by interaction with
tGnRH-6. The action of Ci-GnRHR4 is specific with respect to
heterodimer partners, ligands, and intracellular signaling path-
ways. Superimposition of possible sites of Ci-GnRHR1 modula-
tion by Ci-GnRHR4 onto the expression patterns of the two
receptors can increase the regulatory complexity of GnRH
signaling in the ascidian larva. For example, Ci-GnRHRI and Ci-
GnRHR4 are co-expressed in the brain vesicle, whereas only Ci-
GnRHRI is expressed in the adhesive organ, motor ganglion, and
muscle cells. Thus, ligand-receptor selectivity, differential gene
expression, and receptor heterodimerization generate a vast
diversity of GnRH signaling modes at different sites of the larva.

Non-reproductive Features of the GnRH System in Ciona

The larvae of C. intestinalis occupy a non-reproductive dispersal
stage; the gonad develops after metamorphosis and reproduction
occurs much later [51,52]. During metamorphosis, the nervous
system undergoes extensive reorganization [53] and the tail,
containing the nerve cord, muscle, notochord, and caudal
epidermis, degenerates [54,55]. Conspicuous expression of the
genes for GnRHs and GnRHRs in the nervous system and tail
tissues in the larva strongly suggests that GnRHs regulate
biological processes that are not directly related to reproduction.
What kind of biological processes do they regulate? Regulation of
locomotion and swimming behavior is one possibility. Two types
of environmental signal, light and gravity, regulate the swimming
behavior of the larva [56-59]. Light and gravity are sensed by the
ocellus and otolith, respectively, in the brain vesicle, and the
sensory inputs are then processed in the posterior brain vesicle and
motor ganglion to regulate muscle contraction in the tail [27,60].
Since the receptor genes are expressed in the brain vesicle, motor
ganglion, and muscle cells, and the ligand genes are expressed in
the brain vesicle, motor ganglion and nerve cord, GnRH signaling
would be able to regulate sensory reception, neuronal processing,
and muscle functions.

Another possible role of GnRH in the ascidian larva may be the
control of metamorphosis. The initiation of metamorphosis is
triggered by settlement on substrates with papillae of the adhesive
organ [54,55,61]. Stimuli of settlement sensed by the adhesive
organ are thought to be transmitted to the central nervous system
to proceed with metamorphic events in the trunk and tail tissues.
When adhesive papillac of Ciona larvae have been removed, tail
absorption, a major metamorphic event, is suppressed and the tail
retains its swimming ability [55]. Ci-gnrhl is expressed in papillar
neurons, which are potential sensors for metamorphic signals,
while Ci-gnrh?2 is expressed in the central nervous system, including
the brain vesicle, the visceral ganglion, and the nerve cord, which
potentially convey and deliver metamorphic signals to the tail.
Consistently, the genes for GnRH receptors are expressed in
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Figure 3. Evidence for expression of a gnrh gene in the hindbrain and spinal cord of the medaka Oryzias latipes. (A-D) Visualization of
cells in the hindbrain and spinal cord with GFP under the control of the cis-regulatory region of the medaka gnrh2 gene. All embryos shown are at 3
days post fertilization (dpf). (A) GFP signals were specifically found in the central nervous system, and were particularly evident in the hindbrain and
the spinal cord. (B) An example of embryos showing GFP signal in reticulospinal neurons (arrows) and their axons extending into the spinal cord
(arrowheads). (C) Spinal interneurons labeled with GFP showing an axon that first extends ventrally, and turns rostrally in the ventral spinal cord. (D)
Some fibers running across the midline were also labeled with GFP, suggesting that some commissural neurons expressed GFP. Scale bars: 200 um in
(A-D). (E) Expression of gnrh1, gnrh2, and gnrh3 were detected in different regions of the central nervous system of adult medaka by RT-PCR. The PCR
products were analyzed by agarose gel electrophoresis. RT+ and RT- represent amplification with and without reverse transcriptase, respectively.
Transcripts of the cytoskeletal actin gene OICAT [42] were amplified as a positive control.

doi:10.1371/journal.pone.0041955.9003

potential targets of metamorphic signaling, including the adhesive
organ, brain vesicle, muscle, notochord, and tail epidermis.

Evolutionary Conservation of a Non-reproductive GnRH
System in Chordates

We found that cis-regulatory DNA of the medaka gnh2 gene
specifically drives transcription in neurons in the hindbrain and
spinal cord of medaka embryos. The expression pattern of gnrk-
2::gfp in medaka embryos is reminiscent of the expression pattern
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of the gnrh genes in the ascidian larva. We further confirmed the
expression of endogenous gnrh2 in the hindbrain and spinal cord
by RT-PCR. In the hindbrain, gnh-2:gfp was expressed in
reticulospinal neurons, which control spinal locomotor circuits
[64-66]. In the spinal cord, gnrh-2::gfp was expressed in at least two
distinct types of neurons: commissural interneurons and a group of
ipsilaterally projecting interneurons. Commissural interneurons
provide reciprocal coordination between the left and right sides of
the spinal cord as parts of central pattern generators (CPGs), the
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neural networks generating rhythmic movements such as swim-
ming and walking [65-68]. The ipsilaterally projecting interneur-
ons expressing gnrh-2::gfp have been found to be morphologically
similar to the V1 spinal neurons. The V1 interneurons are
inhibitory neurons that innervate motor neurons and play an
important role in the locomotor CPG [45-47]. Thus, GnRH
signaling may regulate the function or development of neural
circuits that generate rhythmic movements in vertebrates.

In Ciona larvae, the locomotor CPG has been proposed in the
motor ganglion and the anterior nerve cord [27,60], where the gnrf
genes are also expressed. Homology between the tunicate motor
ganglion/nerve cord and the vertebrate hindbrain/spinal cord has
been suggested by developmental studies, such as those examining
the expressions and functions of conserved transcription factors
and signaling molecules [69-72]. Taken together with these
previous findings, the current data suggest the deep evolutionary
origin of a non-reproductive embryonic/larval GnRH system in
chordates.

Materials and Methods

Ethics Statement

All the treatments of animals in this research followed the
Japanese Act on Welfare and Management of Animals (Act
No. 105 of October 1, 1973; the latest revisions Act No.68 of
2005, Effective June 1, 2006) and were approved by the
Institutional Animal Care and Use Committee of Konan
University (approval nos. K-11-04 and K-10-02). No specific
permits were required for the described field studies.

Animals and Embryos

Mature adults of C. ntestinalis were collected from harbors in
Murotsu and Aioi, Hyogo, Japan, or obtained from the National
BioResource Project (NBRP) and maintained in indoor tanks of
artificial seawater (Marine Art BR, Senju Seiyaku, Osaka, Japan)
at 18°C. Embryos and larvae were prepared as described
previously [73].

Mature adults of the orange-red variety of medaka Oryzias latipes
were a gift from Dr. Rie Kusakabe (Kobe University). They were
kept in indoor tanks under artificial reproductive conditions (9 h
45 min dark, 14 h 15 min light; 28°C) and fed on Otohime B2
artificial feed (Marubeni Nisshin Feed Co., Ltd., Tokyo, Japan).
Naturally spawned and fertilized eggs were collected and the
embryos were cultured in distilled water containing 0.6-ppm
methylene blue at 28°C. Embryos were dechorionated using
hatching enzyme [74] provided by the NBRP-Medaka.

Isolation and Characterization of cDNAs Encoding
C. intestinalis GnRHRs

The genes encoding Ci-GnRHR3 and Ci-GnRHR4 were found
in the C. mntestinalis genome database [75] by TBLASTN searches
using amino acid sequences of human and C. infestinalis GnRHRSs as
queries. A 1231- or 751-bp ¢cDNA fragment encoding a portion of
Ci-GnRHR3 or Ci-GnRHR4 was amplified from a mid tailbud
c¢DNA pool by PCR with a pair of primers (5'-CAACACTATT-
CAACTAACGCGAG-3" and 5'-AGTATAGTTGAACCAG-
GATTATTACGTC-3" for Ci-GnRHR3; 5'-CGTATTTGGGT-
CACGTGG-3" and 5'-CCAACAAATAACGAATGTGATGG-
3" for Ci-GnRHR4). The 5" end of (i-GnRHR3 mRNA was
determined by the 5 RACE method using a Gene Racer kit
(Invitrogen). The nucleotide sequences of the primers used for
5'RACE were 5'-CCATGTTGCGTCCATTGGCATGCT-3’
(for the primary PCR) and 5'-GGTGATGACGTGGACAT-
GAAGTCTCT-3' (for the nested PCR). The full-length coding
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sequence of (i-GnRHR3 cDNA was amplified by PCR from a cDNA
pool of mid tailbud embryos using gene-specific primers (forward
primer 5'-GAAACCTGTCATAAGACTTGTTAGT-3'; primary
reverse primer 5'-AGTATAGTTGAACCAGGATTAT-
TACGTC-3’; nested reverse primer 5'-ATGGTGACGCCAC-
GATG-3"). The 5" end and 3’ end of Ci-GnRHR4 mRNA were
determined by the 5" RACE and 3’ RACE methods, respectively,
using a Gene Racer kit (Invitrogen). The primer sequences used for
5" RACE were 5'-GCGTAATAACCCGGTGACCCTGTC-
TAC-3" (for the primary PCR) and 5'-ACCTGCTAACCACT-
CAAGCGTGTA-3’ (for the nested PCR). The primer sequences
used for 3’ RACE were 5'-GTCCCAACCATTATGTGGTG-
CAA-3’ (for the primary PCR) and 5'-GAAGAGGGCAAAAG-
CAACCGAACT-3’ (for the nested PCR). The full-length coding
sequence of Ci-GnRHR4 cDNA was amplified by PCR from a cDNA
pool of mid tailbud embryos using gene-specific primers (forward
primer 5'-AGGTCTCACAACTAGGTTTGTGG-3'; primary re-
verse primer 5'-GACGACACAGATCACACATGAC-3'; nested
reverse primer 5'-CTGAGAAGCGCACAGACTC-3"). The
cDNA fragments were cloned into a pBluescript II SK(+) vector.
The ¢cDNA clones were sequenced on both strands by the cycle
sequencing method with an Applied Biosystems 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA).

Molecular Phylogenetics

The protein dataset analyzed consisted of 35 receptor sequences
as well as the human oxytocin and vasopressin V2 receptors, used
as outgroups (Table S1). Sequences were retrieved from Uniprot,
GenBank/NCBI and Joint Genome Institute (JGI) web sites.
Multiple sequence alignment was performed using TM-Coffee
[31]. The per-site confidence of aligned residues was assessed using
the CORE index (part of the T-Coffee suite [76]). The CORE
index reflects the consistency of aligned residues with respect to the
TM-Coftee alignment library; only residues with CORE index 8-9
(on a 0-9 scale) were retained. The alignment was inspected
manually and edited using SeaView [77]. The final alignment
(available upon request) consisted of 243 sites. ProtTest v3.2 [78]
identified JTT +T'4+F as the best model of protein evolution that
fit the data, according to all the statistics implemented; this model
was used to infer the ML trees. In order to better explore the tree-
topology space, we used PhyML v3 (build 20120412) [32], Leaphy
v1.0 [33] and RAxXML v7.2.8 [34]. Tree-topology searches in
PhyML were conducted using the Subtree Pruning and Regrafting
moves (starting from 10 random trees and the BioN]J tree). Branch
support values were estimated in PhyML by 100 non-parametric
bootstrap replicates and by the less conservative parametric aBayes
statistic (Bayesian-like transformation of approximate likelihood
ratio test [79]).

As far as the position of the sea urchin receptors is concerned,
we reconstructed manually the topology proposed by Roch et al.
in [30], and compared it with the one obtained in the present
analysis. Their statistical confidence was assessed using the SH
[80], KH [81] and ELW [82] tests as implemented in TreePuzzle
v5.2 [83].

Whole-mount in situ Hybridization

For synthesizing the Ci-GnRHRI and Ci-GnRHR? probes, the
full-length ¢cDNA clones previously reported [20] were used. For
Ci-GnRHR3 and Ci-GnRHR4 probes, cDNA clones containing the
full-length coding region for Ci-GnRHR3 and Ci-GnRHR4 de-
scribed above were used. A Ci-gnrhl cDNA fragment was amplified
from a larval cDNA pool by PCR with a pair of gene-specific
primers (5'-GCAATCGCTTATCCAACTTCAC-3" and 5'-
GCATAAAGCGTGCACACAAG-3'), and subcloned into pBlue-
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scriptll SK(+). The ¢cDNA clone for Ci-gnrh2 (Gene Collection ID
GC27al2) was obtained from the Ciwona Gene Collection release 1
[84]. The plasmid clones were digested with a restriction enzyme,
and used as the template to synthesize a digoxigenin-labeled
antisense RNA probe using a DIG RNA labeling kit (Roche,
Japan). Ciona intestinalis embryos and larvae were fixed in 4%
paraformaldehyde in 0.1 M MOPS (pH 7.5) and 0.5 M NaCl at
4°C for 16 hr, prior to storage in 80% ethanol at -30°C. Whole-
mount i situ hybridization was carried out as described [85].

Labeling Cells with Green Fluorescent Protein (GFP)
Using cis-regulatory Regions of gnrh or GnRHR Genes

The 5’ flanking sequences of Ci-gwhl, Ci-gnrh2, Ci-GnRHRI, Ci-
GnRHRZ2, and C(i-GnRHR3 obtained from the JGI Genome
Database were used to design gene-specific primers. Genomic
DNA fragments containing an upstream region of each gene were
amplified from sperm DNA by PCR using a thermostable DNA
polymerase (LA Taq, Takara BIO, Japan) and a pair of gene-specific
oligonucleotide ~ primers  (5'-CAAGAGCTCTGCTGTAACA-
CACGCATGTT-3' and 5'-CAACCCGGGATTGT-
GAAGTTGGATAAGCGA-3 for Ci-gnhl; 5'-TGACGTCGA-
CAGGAGCAGACGTCATAAGTA-3' and 5'-
ACGGATCCTGTTACGTTATCTCTCTAGAAG-3 for Ci-
auh2;  5'-CAAGAGCTCGAATATGTGGTAGTCAGCAA-3’
and 5'-TGACGTCGACATGCACTGTTCGCTTATGAT-3 for
Ci-GnRHRI, 5'-CAAGAGCTCGGCTGAACGGGACAT-
CATTA-3' and 5"-CAACCCGGGCTATACGACTCA-
GATCGTTC-3 for Ci-GnRHRZ2; and 5'-CAAGAGCTCGGT-
TAAGCAAACTGTTAGCG-3' and 5'-
CAACCCGGGAGGTTTGACTCACTAACAAG-3  for G-
GnRHRS3). The amplified upstream regions were inserted into the
Sacl/ Smal (Ci-gnrhl, Ci-GnRHRZ2, and Ci-GnRHRS3), Sall/ BamH1I (Ci-
gnrh2), or Sacl/ Sall (Gi-GnRHR]I) sites of pBluescript-EGFP [86].
The sizes of the genomic DNA fragments inserted were 4.7 kb (Ci-
gnrhl), 4.3 kb (Ci-gnrh2), 5.1 kb (Ci-GnRHRI), 4.6 kb (Ci-GnRHR?2),
and 5.7 kb (Ci-GnRHR3). The promoter-GFP fusion construct was
electroporated into fertilized eggs of C. wntestinalis as described by
Corbo etal. [87]. The reporter expression was observed as described
previously [36].

The 5’ flanking sequence of the medaka gnri2 gene obtained from
the Ensembl genome database was used to design gene-specific
primers. The O. latipes genomic DNA was extracted from one
individual of the Hd-rR inbred strain as described previously [43].
Genomic DNA fragments containing an upstream region of gnrh2
were amplified from the genomic DNA by PCR using a thermostable
DNA polymerase (PrimeStar HS DNA polymerase, Takara BIO,
Japan) and a pair of gene-specific oligonucleotide primers, 5'-
GACTGTCGACATCAGGCTTGCTTTGTTG-3" and 5'-
GACTGGATCCCGAGACATTACCTAAAACC-3. The ampli-
fied 5-kb upstream region was inserted into the Sa/ll/ BamHI sites of
pBluescript-EGFP. The resultant plasmid DNA was introduced into
medaka embryos by microinjection, and GFP fluorescence was
observed as described previously [42].

RT-PCR Analysis

Total RNA was isolated from the forebrain, midbrain, hindbrain,
and spinal cord of an adult medaka using ISOGEN (Nippon Gene
Co., Ltd., Tokyo, Japan). One ug of total RNA was used as the
template to synthesize the first strand cDNA using an oligo(dT)
primer according to the manufacturer’s protocol (SuperScript ™ 11
First Strand Synthesis System for RT-PCR; Invitrogen Corp.,
Carlsbad, CA). The ¢cDNA fragment of gnrhl, gnh2, gnrh3 or
cytoskeletal actin O/CAI [42], which was used as a control, was
amplified by PCR from the first-strand cDNA. The primer sets used
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were as  follows:  for  gwhl, 5-ACTTATGAACT-
GAAGCTCTGTGT-3’ and 5-TTACACTCCCAA-
GAAGCCC-3';  for gwh2, 5-ACCACTCAGACTAAGG-
TAATGTC-3" and 5'-CAAGGCATCCAGAACAATATTTCT-
3'; for gnrh3, 5'-GAAAACACAGAGTTCTAATGGACG-3" and

5'-GAGCCATCATTAATTAGATTGTATTGTC-3’; and for
0iCA1, 5-GACCCAGATCATGTTTGAGACT-3" and 5'-

GACTCCATACCAAGGAAGGAA-3'. After denaturation at
98°C for 2 min, the PCR was performed for 35 cycles [98°C for
10 sec, 55°C for 30 sec, and 72°C for 1 min] followed by a final
extension at 72°C for 7 min using 5% (1.0 pl) of the cDNA reaction
mixture as a template, 25 pmol of each primer, and 1.25 U of'a Taq
DNA polymerase (Ex Taq; Takara Bio, Japan). To eliminate the
possibility of PCR amplification derived from contaminated
genomic DNA, 35 cycles of amplification were carried out without
reverse transcriptase as a control experiment. The PCR products
were separated on a 1.5% agarose gel and stained with ethidium
bromide.

Cell Culture, Plasmid Construction, and Transfection

The full-length open reading frame of each Ci-GnRHR cDNA
was cloned into a pcDNA3.1 plasmid vector. COS-7 cells and
HEK293-MSR  cells were purchased from American Type
Culture Collection (ATCC; Rockville, MD, U.S.A.) and Invitro-
gen Japan (Tokyo, Japan), respectively. CGOS-7 cells or HEK293-
MSR cells were grown under 5% COgy and 100% relative
humidity in DMEM medium supplemented with 10% (v/v) fetal
bovine serum and 0.1 mM non-essential amino acids. Each Ci-
GnRHR open reading frame-containing pcDNA 3.1 plasmid or
empty vector was transfected into COS-7 cells using Lipofecta-
mine 2000 (Invitrogen, San Diego, CA, U.S.A) or HEK293-MSR
cells using Targefect F-1 reagent (Targeting Systems, Santee, CA,
U.S.A.) according to the manufacturer’s instructions, and the cells
were incubated for 24 hours (inositol phosphate assay) or 48 hours
(measurement of intracellular Ca®" and cAMP).

Inositol Phosphate Assay

Twenty-four hours after transfection, the COS-7 cells were
washed twice with Medium 199 (Nacalai Tesque, Kyoto, Japan)
and incubated in Medium 199 containing 2% (vol/vol) dialyzed
FCS and labeled with 1 uCi [*H]myo-inositol with PT6-271
stabilizer (TRK-912, Amersham) per well at 37°C for 48 hours.
Medium was then removed, and cells were washed twice with
buffer A (140 mM NaCl, 20 mM Hepes, 4 mM KCIl, 8 mM D-
glucose, 1 mM MgCl,, 1 mM CaCly). Then cells were preincu-
bated with buffer A containing 10 mM LiCl for 15 min, followed
by addition of the GnRHs at various concentrations at 37°C for
45 min. The reaction was stopped by removing the incubation
medium and adding 1 ml of ice-cold 0.6 M perchloric acid and
0.2 mg/ml phytic acid. The samples were then transferred to
microcentrifuge tubes, kept on ice for 15 min, and then
neutralized by adding 350 ul of 1 M KyCO3/5 mM EDTA.
After neutralization, the samples were centrifuged at 10,000 x g at
4°C for 2 min, and the supernatants were transferred to columns
containing AG 1-X8 anion-exchange resin (Bio-Rad). Total
inositol phosphates were eluted with 1.05 M ammonium for-
mate/0.1 M formic acid, and radioactivity was determined.

Determination of Intracellular Calcium lon and cAMP
Levels

For measurement of ligand-induced intracellular calcium ion,
HEK293-MSR cells were loaded for 60 min with Ca-3 fluorescent
calcium indicator mixture (Molecular Devices, Sunnyvale, CA,
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U.S.A) 48 hours after transfection. Each t-GnRH ligand at various
concentrations was automatically administrated to the cells in
a FlexStation II apparatus (Molecular Devices). Real-time
fluorescent kinetics at an excitation wavelength of 485 nm and
emission wavelength of 525 nm was observed for 3 minutes using
a FlexStation II apparatus. Cyclic AMP production was evaluated
by a fluorescent competitive immunoassay for cAMP using
CatchPointTM Cyclic AMP assay kit (Molecular Devices) and
FlexStation II according to the manufacturer’s instructions.

Supporting Information

Figure S1 GnRH peptides and gnrh genes in Ciona
intestinalis. (A) Structure of the two C. inlestinalis genes encoding
GnRHs. 5' is to the left. White boxes indicate untranslated regions
(noncoding exon sequences), black boxes indicate coding
sequences, and each of the gray boxes with a number (3, 4, 5, 6,
7 or 8) indicates the region encoding a single GnRH peptide
shown in (B). Horizontal lines indicate introns and intergenic
sequences. The gene model ID for each gene is indicated in
parentheses. (B) Primary structure of six C. ntestinalis GnRHs.
“pGlu” refers to the N-terminal pyroglutamic acid, and “Gly-
NH2” indicates the C-terminal glycine amide. This figure is
modified from [19].

(TIF)

Figure $2 Amino acid comparison among Ci-GnRHRs.
The deduced amino acid sequences of Ci-GnRHRI, Ci-
GnRHR2, Ci-GnRHR3, and Ci-GnRHR4 from a Pacific pop-
ulation (Pac; this study) were aligned with those from an Atlantic
population (Atl) [21] using the ClustalW program [88], and the
alignment was optimized manually. Dashes indicate gaps in-
troduced in the sequence to optimize the alignment. Amino acid
residues showing polymorphism between Pacific and Atlantic
sequences are indicated in red. The putative transmembrane
domains (TM1-TM?7) are indicated by horizontal lines. Triangles
indicate positions of introns in the gene encoding each Ci-
GnRHR.

(TTF)

Figure S3 Molecular phylogeny of the GnRHR family.
Maximum-likelihood (ML) trees were computed by using PhyML
v3 (build 20120412), Leaphy v1.0 and RAXxML v7.2.8, from
a dataset comprising 57 taxa (243 sites). Human oxytocin (OXYR)
and vasopressin V2 receptors (V2R) are used as outgroups. The
evolutionary model was JTT+I'4+F. Branch support values are
ML non-parametric bootstrap replicates/parametric aBayes. Only
bootstrap values =75%, and aBayes values =0.95 are shown.
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duction mediated by Ci-GnRHR3. (E) Elevation of intracellular
calcium ion in the cells co-expressing Ci-GnRHRI1 and Ci-
GnRHR#4 in response to tGnRHs. (F) cAMP production in the
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Table S1 List of proteins with their accession numbers
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(XLS)
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