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ABSTRACT 27 

In tunicates, the coronal organ represents a sentinel checking particle entrance into the pharynx. The 28 

organ differentiates from an anterior embryonic area considered a proto-placode. For their 29 

embryonic origin, morphological features and function, coronal sensory cells have been 30 

hypothesized to be homologues to vertebrate hair cells. However, vertebrate hair cells derive from a 31 

posterior placode. This contradicts one of the principle historical criteria for homology, similarity of 32 

position, which could be taken as evidence against coronal cells/hair cells homology. In the 33 

tunicates Ciona intestinalis and C. robusta, we found that the coronal organ expresses genes (Atoh, 34 

Notch, Delta-like, Hairy-b and Musashi) characterizing vertebrate neural and hair cell development. 35 

Moreover, coronal cells exhibit a complex synaptic connectivity pattern, and utilize 36 

neurotransmitters (Glu, ACh, GABA, 5-HT and catecholamines) involved in hair cell activity. 37 

Lastly, coronal cells express the Trpa gene, which encodes an ion channel expressed in hair cells. 38 

These data lead us to hypothesise a model in which competence to make secondary 39 

mechanoreceptors was primitively broadly distributed through placode territories, but has become 40 

confined to different placodes during the evolution of the vertebrate and tunicate lineages. 41 

 42 

Keywords: Ciona intestinalis, Ciona robusta, hair cell, ion channel, neurotransmitter, synapse. 43 
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INTRODUCTION 45 

In vertebrate embryos, mechanosensory hair cells form in the developing ear and, in some 46 

aquatic lineages, the lateral line system. They mediate vibrational and fluid-flow sensing, which 47 

allows hearing in land vertebrates, vibrational sensing in many aquatic vertebrates, and inertial 48 

sensing in the semicircular canal system of the ear. Loss of hair cells is an important cause of 49 

deafness in humans, where lost cells are not replaced (McLean et al., 2017; Santaolalla, Salvador, 50 

Martínez, Sánchez, & del Rey, 2013). Vertebrate hair cells develop from cranial placodes, 51 

thickened areas of the cranial ectoderm that combine with neural crest cells to form most of the 52 

cranial peripheral nervous system. Hair cells arise in development from two types of cranial 53 

placode, the otic placode (from which the ear develops) and the lateral line placodes (from which 54 

the lateral line system develops). 55 

Mechanosensory cells are found in a wide diversity of animals and mediate response to touch, 56 

and to air and water-borne vibration. For example, in tunicates, the marine invertebrate chordates 57 

considered the sister group of vertebrates (Delsuc, Brinkmann, Chourrout, & Philippe, 2006), there 58 

is a wide distribution of mechanoreceptor cells on body epithelia, both as single units and grouped 59 

in specific organs, devoted to touch and the detection of water vibration (Mackie & Burighel, 2005; 60 

Manni & Pennati, 2016). Vertebrate mechanosensory hair cells differ from almost all invertebrate 61 

mechanosensory cells, however, in that they are secondary sensory cells. This means vertebrate hair 62 

cells are specialized sensors, receiving the stimulus and passing this on to an associated dendrite 63 

belonging to a central neuron. In primary sensation, widespread in invertebrates, the sensory cell is 64 

itself a neuron, relaying the stimulus through its own axon. This raises important questions 65 

concerning both the evolutionary origin and development of vertebrate hair cells. From an 66 

evolutionary perspective, some have hypothesized that secondary sensory cells are a vertebrate 67 

innovation. Most prominently, Gans and Northcutt in their pivotal 1983 publications (Gans & 68 

Northcutt, 1983; Northcutt & Gans, 1983) included this in their ‘New Head’ hypothesis. Only 69 

relatively recently have reports of secondary sensory cells in some other taxa started to undermine 70 
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their status as a vertebrate innovation (Burighel et al., 2003), raising questions as to when and how a 71 

transition from primary to secondary sensory cells might have occurred. From a molecular point of 72 

view, a unifying molecular background shared with invertebrates regulates vertebrate hair cells (B. 73 

Fritzsch, Beisel, Pauley, & Soukup, 2007; Bernd Fritzsch & Straka, 2014). However, 74 

developmentally, understanding the cell lineage and molecular control of invertebrate sensory cells 75 

and their associated neurons is required to comprehend the evolution of hearing and balance organs 76 

in vertebrates. 77 

Tunicata, as the closest lineage to the vertebrates, has been pivotal in unravelling the 78 

evolutionary history of vertebrate developmental and cell-type complexity (see, for example, 79 

(Jeffery, 2016; Liberti et al., 2015; Matsubara et al., 2016)). Tunicates pass through a stage as an 80 

embryo and larva in which they form a chordate body-plan homologous to vertebrates, with a 81 

cephalised neural tube sitting dorsal to a notochord, and movement driven by axial musculature. 82 

Most tunicates then metamorphose into an adult that bears little overall resemblance to a vertebrate, 83 

as notochord, axial muscles and central nervous system (CNS) regress. 84 

Several recent studies have provided evidence for cranial placode homologues in tunicate 85 

embryos. Termed proto-placodes (Patthey, Schlosser, & Shimeld, 2014), one is situated 86 

immediately anterior to the CNS on the midline, the other is more posterior, bilaterally paired and 87 

adjacent to the region of the CNS considered homologous to the vertebrate hindbrain. Evidence for 88 

homology comes from multiple sources: they form in positions comparable to the pituitary/olfactory 89 

placodes and otic placodes respectively, they undergo thickening and invagination behaviors, they 90 

express similar developmental genes to vertebrate placodes, and they form some of the same cell 91 

types, including sensory neurons (Gasparini, Degasperi, Shimeld, Burighel, & Manni, 2013; Manni 92 

et al., 2004). 93 

Mechanosensory hair cells occupy potentially contradictory places in this model. Tunicates do 94 

have some secondary mechanosensory cells, and these probably form from one of these proto-95 

placode territories (Burighel et al., 2003). It seems unlikely this arrangement would have evolved 96 
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independently in these sister lineages, indicating their homology to vertebrate hair cells. However, 97 

in tunicates these cells form from the anterior proto-placode (Manni et al., 2004; Veeman, 98 

Newman-Smith, El-Nachef, & Smith, 2010). In vertebrates, this is where the olfactory and pituitary 99 

system arise, which only make primary sensory neurons or non-neuronal cell types. Hair cells and 100 

other secondary sensory cells come from the more posterior placodes. This contradicts one of the 101 

principle classical criteria for homology, similarity of position, which could be taken as evidence 102 

against their homology. Central to resolving this, and hence revealing the evolutionary origin of 103 

vertebrate hair cells, is to understand whether vertebrate hair cells and secondary sensory cells in 104 

tunicates really are the same cell type. 105 

Homology makes predictions concerning the underlying morphological, developmental and 106 

functional biology of the cells. Specifically, if the cells are homologous we would expect them to 107 

share a similar structure, to have their development regulated by the same gene regulatory cascades, 108 

and for them to deploy the same genes in carrying out cell-type specific functions. Here we test 109 

these predictions by exploring these characteristics for the secondary sensory mechanosensory cells 110 

in the model tunicate Ciona. In Ciona these cells are sited in the coronal organ, found on the 111 

tentacles of the inhalant (oral) siphon (Manni, Mackie, Caicci, Zaniolo, & Burighel, 2006), where 112 

they form a continuous row of pluriciliated receptors, with many short microvilli. As the animal 113 

grows, the number of tentacles increases and in parallel the coronal organ grows, thanks to mitotic 114 

activity of both sensory and supporting cells (Gasparini, Caicci, et al., 2013). We show these cells 115 

have extensive ultrastructural similarity with vertebrate hair cells. These cells express many of the 116 

same regulatory genes, use a similar set of neurotransmitters, and express the hair cell associated 117 

channel gene TrpA. These data demonstrate their homology, at the cell level, to vertebrate hair cells, 118 

supporting a hypothetical model in which competence to make secondary sensory cell types was 119 

primitively broadly distributed through placode territories, but has become confined to different 120 

placodes during the evolution of the vertebrate and tunicate lineages. 121 

 122 

Page 5 of 41

John Wiley & Sons

Journal of Comparative Neurology



For Peer Review

6 
 

MATERIALS AND METHODS 123 

Animal collection and maintenance 124 

Adult individuals of Ciona intestinalis, formerly Ciona intestinalis type B (Brunetti et al., 125 

2015; Pennati et al., 2015), (family Cionidae, order Enterogona), were collected from Plymouth 126 

(UK) and genotyped according to Sato et al., 2014. Adult individuals of Ciona robusta, formerly 127 

Ciona intestinalis type A (Brunetti et al., 2015; Pennati et al., 2015), (family Cionidae, order 128 

Enterogona), were collected in the Laguna of Venice (Italy). Animals were kept in aquaria at 18-129 

20°C. Gametes, isolated from adult gonads, were used for the in vitro cross-fertilization. Specimens 130 

were then collected at the second juvenile stage (Chiba, Sasaki, Nakayama, Takamura, & Satoh, 131 

2004). 132 

 133 

Reverse Transcription Polymerase Chain Reaction (RT-PCR) 134 

Isolated tentacles were collected from about 20 adult individuals of C. robusta, rinsed in 135 

filtered seawater in order to eliminate possible blood cells, and the RNA was extracted using the SV 136 

Total RNA Isolation System (Promega, cat n. Z3100) following the provided protocol. RNA was 137 

treated with RNAse-free DNAse I (according to the manufacturer’s recommendations in order to 138 

digest contaminating genomic DNA. cDNA was synthesized using ImPromII Reverse Transcription 139 

System (Promega, cat n. A3800) with random primers. PCR was performed using specific forward 140 

and reverse primers (Table 1). Primers for RT-PCR were designed to span introns so amplification 141 

from genomic DNA could be distinguished from amplification from cDNA. The former was not 142 

observed in any of our experiments. 143 

 144 

Transmission Electron Microscopy (TEM) 145 

Juveniles of C. robusta were anaesthetised with 0.01% MS222 and fixed in 1.5% 146 

glutaraldehyde buffered with 0.2 M sodium cacodylate, pH 7.4, plus 1.6 % NaCl. After washing in 147 

buffer and post fixation in 1% OsO4 in 0.2 M cacodylate buffer, they were dehydrated and 148 
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embedded in Araldite. Thick sections (1 µm) were counterstained with toluidine blue; thin sections 149 

(60 nm) were given contrast by staining with uranyl acetate and lead citrate. Micrographs were 150 

taken with a FEI Tecnai G12 electron microscope operating at 75 kV. Photographs were typeset in 151 

Corel Draw X5. 152 

 153 

In situ hybridization (ISH)  154 

RNA probes were synthesized using DIG RNA Labeling Kit (Roche, cat n. 11175025910) on 155 

clones from available libraries or obtained by PCR cloning (see Table 1). For the later, amplicons 156 

were obtained from cDNA derived from total RNA isolated from C. robusta. Amplicons were 157 

cloned into pCRII Vector using the TA Cloning Kit Dual Promoter (Invitrogen, cat n. K2070-20) 158 

and verified by sequencing.  159 

ISH was performed on juveniles of Ciona anesthetized in MS222 (0.01%) and fixed overnight 160 

in freshly prepared MOPS buffered (0.1 M MOPS (Fluka, cat n. 69947), 1 mM MgSO4 (Sigma-161 

Aldrich, cat n. M2773), 2 mM EGTA (Fluka, cat n. 03780), 0.5 M NaCl) 4% paraformaldehyde 162 

(PFA, Electron Microscopy Sciences, cat n. 19208). Samples were washed in PBT (Phosphate 163 

Buffered Saline solution and 0.1% Tween-20), treated with Proteinase K 0.4 µg/ml for 1 hour at 164 

37°C (to allow the tunic removal). Next they were post-fixed in 4% PFA in PBT for 1 hour and left 165 

in hybridization buffer (50% formamide, 2X SSC pH 7, 100 µg/ml yeast RNA, 50 µg/ml Heparin, 166 

0.1 % CHAPS, 0.1% Tween-20) at 60°C overnight. Juveniles were treated for whole mount ISH 167 

following the protocol of (Gionti et al., 1998), but extending the times of washes between each 168 

incubation. After treatments, juveniles were opened carefully with dissection forceps along the 169 

endostyle, laid out on slides and mounted in 70% glycerol in PBS. As a positive control for the 170 

probes, larvae of the same species were used alongside juveniles. Samples were then observed 171 

under a Leica 5000 B microscope and photographed with the Leica DFC 480 digital camera. 172 

Photographs were typeset in Corel Draw X5. 173 

 174 
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Immunofluorescence  175 

After rehydration, C. robusta juveniles were treated with pure acetone for 7 min and then with 176 

1% Triton X-100 in PBS. Non-specific binding sites were blocked with the PBDT solution (PBS 177 

with 0.1% Tween 20, 1% BSA -Bovin Serum Albumin, 1% DMSO -Dimethyl sulfoxide, 0.2% 178 

Sheep serum) for 2 hours at room temperature before the over-night incubation at 4°C with the 179 

primary antibodies anti-Ci-VGlut (Horie, Kusakabe, & Tsuda, 2008) or anti-GABA (Anti-ɤ-180 

Aminobutyric acid) (both IgG diluted 1:100) (Table 2). Excess of primary antibody was washed off 181 

with PBT. Juveniles were then incubated with secondary antibody anti-mouse FITC (Calbiochem, 182 

cat. No. 401234, lot d21719) at 1:100 in PBDT. After three washes in PBT (10 min each), nuclei 183 

were stained with DAPI (1 µg/ml in H2O mQ) for 5 minutes. Samples were washed again with 184 

PBT, mounted in 70% glycerol in PBT, observed under Leica 5000 B microscope, and 185 

photographed with the Leica DFC 480 digital camera.  186 

 187 

Antibody characterization 188 

The anti-Ci-VGlut and anti-GABA antibodies used in this study stained the appropriate 189 

pattern of glutamatergic and GABAergic neurons, as demonstrated in previous publications. Anti-190 

Ci-VGlut (Antibody registration: AB_2314195; Antibody link: 191 

http://antibodyregistry.org/AB_2314195) was prepared and characterized by (Horie et al., 2008), 192 

starting from the sequence encoding the vesicular glutamate transporter (Vglut) gene, found in the 193 

Ciona genome database (Dehal et al., 2002) (Table 2). The antiserum was obtained following a 194 

previously described method (Tsuda et al., 2003), immunizing mice with the carboxyl terminal 195 

region of Ci-VGlut, expressed as a fusion protein with dihydrofolate reductase and a histidine tag. 196 

The specificity of the anti-GABA monoclonal primary antibody (Antibody registration: 197 

AB_476667; Antibody link: http://antibodyregistry.org/AB_476667) was well defined by the 198 

supplier (Sigma) (Table 2). The anti-GABA antibody was raised against GABA conjugated to BSA 199 

with glutaraldehyde and was evaluated by the supplier for activity and specificity by dot-blot 200 
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immunoassay. No cross-reaction was observed with BSA, L-aminobutyric acid, L-glutamic acid, L-201 

aspartic acid, glycine, d-aminovaleric acid, L-threonine, L-glutamine, taurine, putrescine, L-alanine 202 

or carnosine. The antibody showed weak cross-reaction with b-alanine. It was used and 203 

characterized to individuate GABAergic neurons in the brain of the Siberian sturgeon Acipenser 204 

baeri (Adrio, Rodríguez-Moldes, & Anadón, 2011). For tissue processing controls, primary antisera 205 

were omitted from the immunohistochemical processing. No immunoreactivity was detected in 206 

these controls. 207 

 208 

Acetylcholinesterase assay 209 

Juveniles of C. robusta were treated for the direct detection of acetylcholinesterase (AChE) 210 

activity. After rehydration through decreasing concentrations of methanol in PBT, juveniles were 211 

washed three times in PBT and the tunic was removed. Samples were incubated overnight at room 212 

temperature in a buffer containing acetylthiocholine iodide, sodium hydrogen maleate buffer, 213 

sodium citrate, copper (II) hyposulfite, distilled water and potassium ferricyanide, according to 214 

(Karnovsky & Roots, 1964). After treatment, samples were cut with micro-forceps along the 215 

endostyle and opened in order to expose the tentacles and the cerebral ganglion. Juveniles were then 216 

mounted in 70% glycerol in PBT, observed under Leica 5000 B microscope, and photographed with 217 

the Leica DFC 480 digital camera. 218 

 219 

RESULTS 220 

Expression pattern of neural developmental genes in coronal organ 221 

Homology of coronal organ cells to vertebrate sensory hair cells predicts that they will share 222 

expression of similar regulatory genes. In vertebrates, hair cell development from proliferative 223 

progenitors is regulated by Notch signaling, with Atoh expression in the hair cells themselves a 224 

critical marker of their identity (Slowik & Bermingham-McDonogh, 2013; Żak, Klis, & Grolman, 225 

2015). We hence examined markers for stem cell self-renewal and maintenance (Musashi, i.e., Msi), 226 
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Notch signaling (Notch, Delta, Delta-like, Hairy-a, Hairy-b, Hairy-c) and cell identity (Atoh). 227 

Ciona possesses one Atoh gene (Joyce Tang, Chen, & Zeller, 2013) and one Msi gene (Gasparini, 228 

Shimeld, Ruffoni, Burighel, & Manni, 2011). In ascidian larvae, the Delta/Notch pathway is known 229 

to control the fate of the epidermal sensory neurons and the neural subtype specification in the 230 

nervous system (Stolfi & Levine, 2011; Waki, Imai, & Satou, 2015). In adults, Notch signaling 231 

plays an important role in the maintenance of the proliferative activity in the blastema of animals 232 

undergoing oral siphon regeneration (Hamada, Goricki, Byerly, Satoh, & Jeffery, 2015). Ciona has 233 

an orthologue for Notch and at least two orthologues for Delta (coding for Delta-like protein and 234 

Delta protein). 235 

We first performed RT-PCR using gene-specific primers (Table 1) on cDNA obtained from 236 

oral siphon tentacles of adult individuals. This showed expression of Atoh, Delta-like, Hairy-b, Msi 237 

and Notch (Fig 1A). No expression was detected for Delta, Hairy-a or Hairy-c. Since tentacles 238 

contain a blood sinus, we considered whether contaminating blood cells could be responsible for the 239 

observed gene expression. To test this hypothesis, we checked for the expression of the Rhamnose-240 

binding lectin (Rbl), which is exclusively expressed by blood cells (Franchi et al., 2013). This was 241 

not detected, indicating that samples were not contaminated by blood cells. 242 

We then performed whole mount ISH on the oral siphon of adults and the whole body of 243 

individuals at second stage juvenile. We observed Hairy-b expression at the level of the pharyngeal 244 

gills. Stained cells were located at the two extremities of the elliptical stigmata, where an 245 

undifferentiated population of cells, giving rise to the ciliated cells is present (Fig 1B,C) 246 

(Shimazaki, Sakai, & Ogasawara, 2006). Hairy-b was not detected at the oral tentacles. At the same 247 

developmental stages, Msi expression was found in the cells of the coronal organ, endostyle, 248 

peripharyngeal bands, and ciliated funnel (Fig 1D-F). We did not detect expression by ISH in any 249 

tissue of Atoh, Notch or Delta-like, and at the oral tentacles of Hairy-b. Since their expression in 250 

tentacles was demonstrated by RT-PCR, and ISH on adult Ciona tissue is relatively challenging, we 251 

consider this was likely due to a relatively low level of expression compared to Msi. 252 
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 253 

Synaptic connectivity of coronal sensory cells 254 

Vertebrate hair cells owe their ability to detect mechanosensory stimuli and modulate their 255 

behavioral responses to the complex pattern of synapses they establish with nerve terminals. 256 

Afferent (hair cell to dendrite), efferent (axon to hair cell), and reciprocal (probably mediating 257 

bidirectional signaling) synapses are found along the basolateral surface of almost all hair cells. 258 

Previously, afferent synapses were recognized by TEM at the base of coronal cells in Ciona (Manni 259 

et al., 2006), but efferent and reciprocal synapses were not documented. In order to definitively 260 

establish the synaptic connectivity of coronal cells and compare it with hair cell connectivity, we 261 

performed a deep TEM analysis of coronal cells, collecting complete serial thin sections of sensory 262 

cells (Fig 2). Three different types of synapse were recognized, often confined within invaginating 263 

pockets formed by the basal plasmalemma of each sensory cell (Fig 2A,B). We confirmed the 264 

presence of afferent, somato-dendritic synapses (Fig 2C). Moreover, we were also able to identify a 265 

number of typical efferent axo-somatic synapses. Both in afferent and efferent synapses, when the 266 

section was perpendicular to the membranes involved in the synapse, the typical postsynaptic 267 

membrane thickening was recognizable (see, for example, Fig 2 B,G). Lastly, we documented the 268 

presence of reciprocal synapses between nerve terminals and coronal cells, showing features of both 269 

afferent and efferent synapses (Fig 2 D). Presynaptic vesicles were clearly identifiable in both the 270 

nerve ending and the coronal cells, giving a double polarity to the junction. Fig 2H illustrates the 271 

three different kinds of synapse exhibited by coronal cells. 272 

 273 

Coronal organ neurotransmission 274 

Hair cell function in vertebrates involves multiple neurotransmitters, with glutamergic 275 

transmission mediating afferent inputs and cholinergic, GABAergic and serotonergic transmission 276 

involved in efferent transmission. These neurotransmitters also play a role in central and/or 277 

peripheral nervous system of Ciona (Table 3), where their distribution was analyzed using specific 278 
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markers for both the neurotransmitters and/or the proteins responsible for their transport along the 279 

nerve fibers in larvae and adults (see for review (Horie et al., 2008; Hozumi, Horie, & Sasakura, 280 

2015; Manni & Pennati, 2016). To test whether these transmitter systems were also deployed in 281 

Ciona coronal organ cells, we used three techniques depending on the system studied: 282 

immunological detection of the neurotransmitter, expression analysis by RT-PCR and ISH of genes 283 

encoding transmission pathway components, and direct histological staining of neurotransmitters.  284 

 285 

Glutamatergic neurotransmission 286 

Glutamatergic synapses between cochlea hair cells and afferent fibers play a primary role in 287 

transmitting sound information to the brain (Reijntjes & Pyott, 2016), and in C. intestinalis, 288 

Glutamate was previously detected in the adult cerebral ganglion (Osborne, Neuhoff, Ewers, & 289 

Robertson, 1979). We used the antibody anti-Ci-Vglut (which detects the Vesicular Glutamate 290 

transporter Vglut (Horie et al., 2008)) to test if glutamatergic neurons are associated with coronal 291 

organ cells. Both the cerebral ganglion and the nerves were marked. Labeled fibers innervated the 292 

velum and the tentacles (Figs. 3 B-E), confirming the presence of two coronal nerves within each 293 

lateral tentacle crest, beneath the coronal cells (Manni et al., 2006). Nerves close to the coronal 294 

organ, and occasionally nerve fibers joining the two coronal nerves within the same tentacle, were 295 

labelled. RT-PCR also showed Vglut expression in isolated tentacles (Fig 4). 296 

 297 

Cholinergic neurotransmission  298 

In vertebrates, acetylcholine is the main hair cell efferent neurotransmitter, involved in 299 

enhancing glutamate-induced afferent spiking (Reijntjes & Pyott, 2016). In Ciona, we surveyed 300 

cholinergic neurons by analyzing the expression of Choline acetyltransferase (Chat), which marks 301 

cells that synthesize acetylcholine, and using a histochemical assay for AChE, the enzyme 302 

responsible for the hydrolysis of acetylcholine and which marks cholinergic neurons. Transcripts 303 

for Chat were identified in oral tentacles by RT-PCR and ISH assay detected Chat expression 304 
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throughout the cerebral ganglion and on nerve roots. Expression decreased in strength as nerves 305 

became thinner (Fig 3F). Labeled nerves reached the tentacle ring, but they were not detectable 306 

close to the coronal organ. For cholinergic neurons visualized using direct staining for AChE (Fig 307 

3G-I), results were consistent with those coming from Chat ISH: the cerebral ganglion and the 308 

nerves reaching the velum and the tentacles were clearly stained. However, also the coronal nerves 309 

were labelled. 310 

 311 

GABAergic neurotransmission 312 

In vertebrate hair cells, GABA extensively co-localizes with acetylcholine in efferent 313 

terminals and appears to modulate afferent excitability (Reijntjes and Pyott, 2016). In Ciona, 314 

GABAergic neurons were previously evidenced in the cerebral ganglion both during normal post-315 

metamorphic development and regeneration, and in adults (Bollner, Beesley, & Thorndyke, 1993; 316 

Hozumi et al., 2015; Osborne et al., 1979). In Ciona larva, GABAergic neurons are widely 317 

distributed in both CNS and PNS (Zega et al., 2008). We used three different approaches to detect 318 

GABAergic neurotransmission: expression of Glutamic acid decarboxylase (Gad, which marks 319 

GABA synthesizing cells), expression of GABA receptor B1 (Gabbr1, which marks cells capable of 320 

receiving GABA), and direct detection of GABA using an antibody. ISH showed Gad expression in 321 

the neurons restricted to the anterior and posterior ends of the cerebral ganglion (Fig 3J), while RT-322 

PCR demonstrated its expression in tentacles (Fig 4). RT-PCR also demonstrated Gabbr1 323 

expression in tentacles (Fig 4). In addition, GABA immunostaining unveiled the nerves along with 324 

GABA is transported (Fig 3K,L). The signal was strong and widespread all over the cerebral 325 

ganglion. The nerve trunks were well stained and traceable up to the oral region and tentacles. Thin 326 

positive GABA nerves were recognizable along the velum and the tentacles. Comparison of the 327 

signal with DAPI nuclear staining showed that these nerve fibers lay beneath the coronal sensory 328 

cells (Fig 3K inset). 329 

 330 
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Serotoninergic and Catecholaminergic neurotransmission 331 

In vertebrates, serotonergic fibers have been suggested to regulate auditory processing in the 332 

peripheral auditory nervous system, modulating the neural excitability of spiral ganglion neurons, 333 

(the primary afferent neurons in the cochlea; Yu et al., 2013). To reveal serotonergic neurons, we 334 

examined the expression of Tryptophan hydroxylase (Tph), which encodes the enzyme involved in 335 

serotonin synthesis. RT-PCR demonstrated Tph expression in adult oral siphon tentacles (Fig 4). 336 

In mammals, the catecholamine dopamine has a protective effect on the hair cell afferent 337 

nerve synapse: during ischemia or acoustic trauma, it acts by attenuating the post-synaptic effects of 338 

glutamate overstimulation (Lendvai et al., 2011; Toro et al., 2015). We revealed catecholaminergic 339 

neurons using expression of Tyrosine hydroxylase (Th), the enzyme involved in the biosynthesis of 340 

catecholamines. As for Tph, RT-PCR demonstrated expression in adult oral siphon tentacles (Fig 341 

4). 342 

 343 

Transient Potential Receptor channels in coronal organ cells 344 

The Transient Potential Receptor (Trp) superfamily is a group of cation channels that play 345 

critical roles in sensory physiology. It includes the Trpa and Trpn channels, which localize to hair 346 

cell sterocilia (reviewed by (Kazmierczak & Müller, 2012; Martinac, 2014)). Four genes encode 347 

Trpa channels in C. intestinalis (Okamura et al., 2005). We focused on Ciona Trpa1, because it has 348 

the best sequence identity with the mammalian orthologue. RT-PCR showed expression of Trpa1 in 349 

adult tentacles (Fig 4). To precisely localize Trpa transcripts, we performed whole mount ISH, 350 

showing expression in the coronal organ (Fig 3M). Specifically, Trpa1 was localized to the sensory 351 

cells, recognizable by the presence of the apical bundle (Fig 3M). Trpn resulted not expressed. 352 

 353 

DISCUSSION 354 

Multiple similarities between coronal organ sensory cells and vertebrate mechanosensory hair 355 

cells 356 
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Tunicate coronal organ cells are mechanosensory, able to respond to touch and evoking the 357 

so-called crossed response: closure of the atrial siphon, ciliary arrest and contraction of body 358 

muscles (Mackie, Burighel, Caicci, & Manni, 2006). This results in the typical squirting behavior, 359 

which is used to expel possibly dangerous particles that enter the oral siphon during filtration. 360 

Although several pieces of data point to similarity between coronal cells and vertebrate hair cells 361 

(Gasparini, Caicci, et al., 2013; Rigon et al., 2013), some important aspects remained to be clarified. 362 

Our study shows coronal cells bear resemblance to vertebrate hair cells at multiple biological levels, 363 

strongly indicating a common evolutionary origin and hence homology. 364 

 365 

The molecular signature of coronal cell development 366 

First, coronal cells share a regulatory gene expression signature with hair cells (Fig 5). 367 

Among genes involved in neural and hair cells differentiation, we considered Notch, Delta, Delta-368 

like, Hairy-a, Hairy-b, Hairy-c, Msi and Atoh. In vertebrates, Notch and Delta take part in hair cell 369 

differentiation, being responsible for the lateral inhibition mechanism that produces the mosaic of 370 

hair and supporting cells in the inner ear and lateral line (Slowik & Bermingham-McDonogh, 2013; 371 

Żak et al., 2015). Msi encodes an RNA-binding protein responsible for the post-transcriptional 372 

regulation of neural differentiation (Fox, Park, Koechlein, Kritzik, & Reya, 2015) and, in the 373 

vertebrate inner ear, for proliferation of supporting cells (but not hair cells, which do not proliferate) 374 

(Wakasaki et al., 2017). Our ISH and/or RT-PCR data indicate that coronal cell progenitors express 375 

these genes, and taking into consideration that both supporting and hair cell populations are 376 

proliferative (Gasparini, Caicci, et al., 2013), it is not surprising that expression of genes like Msi 377 

may be found in both cell types. This character could reflect a more general neuronal phenotype 378 

however, as the genes show more widespread deployment in nervous system development. We 379 

therefore also analyzed the Ciona ortholog of Atoh1, a more specific marker of vertebrate hair cells. 380 

Atoh1 is crucial for normal inner ear hair cell proliferation and differentiation in mammals (Pan, 381 

Kopecky, Jahan, & Fritzsch, 2012; Raft & Groves, 2015; Su, Hou, & Yang, 2015). It acts as “pro-382 
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hair cell gene” in developing inner ear and is laterally inhibited by Notch signaling. Ciona Atoh too 383 

is expressed in coronal cells, illustrating the similarity of these cell types. Overall, these data 384 

support homology though we do not consider them conclusive, as primary mechanosensory cells in 385 

other lineages may also share aspects of this developmental program (Boekhoff-Falk, 2005; Cai & 386 

Groves, 2015). 387 

 388 

Synaptic connectivity of coronal organ cells 389 

Second, we addressed the ultrastructure of the tunicate sensory cells. Both vertebrate hair cells 390 

(Petralia, Wang, Mattson, & Yao, 2016) and tunicate coronal cells possess invaginating spines 391 

(Burighel et al., 2003; F. Caicci et al., 2013; Federico Caicci et al., 2010; Manni et al., 2006). These 392 

are chemical synapses located within invaginating pockets of the basal plasmalemma of sensory 393 

cells. Moreover, our data show that coronal cells possess a synaptic pattern comparable for 394 

complexity to that of hair cells. We confirm in Ciona the presence of afferent synapses, and 395 

document for the first time efferent and reciprocal synapses. In vertebrate hair cells, the 396 

hyperpolarizing effect of efferents is widely believed to modulate the hair cell amplification. From 397 

an evolutionary point of view, the presence of efferent innervation in coronal cells suggests that it 398 

predates ear formation instead of coevolving with the ear in vertebrates (Sienknecht, Köppl, & 399 

Fritzsch, 2014). In this view, the absence of lateral line efferent innervation in cyclostomes 400 

(Sienknecht et al., 2014) could be a derived feature. From a functional point of view, efferent 401 

synapses to coronal cells suggest the ability to adjust the gain of coronal cell amplification. 402 

Reciprocal synapses, with vesicles on both sides, were described between vertebrate hair cells and 403 

peripheral terminals (Thiers, Nadol, & Liberman, 2008) and are here clearly evidenced in Ciona. 404 

Therefore, our results suggest that the coronal organ can be fine controlled (in terms of modulation 405 

or amplification of the mechanical signal) from the brain, as occurs in vertebrate hair cells. 406 

 407 

Neurotransmitters and ion channels of coronal cells 408 
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Third, we show that the coronal organ deploys a similar array of neurotransmitters to hair 409 

cells. This includes the primary afferent glutamatergic system, and multiple additional systems 410 

(ACh, GABA, 5-HT and catecholamines) that in vertebrates are involved in efferent transmission. 411 

Since tentacles are simple epithelial structure and do not contain muscles or any other effector 412 

organ apart from the coronal organ, we conclude that these neurotransmitters are associated with 413 

coronal cells. Although functional studies are necessary to understand their exact role in coronal 414 

mechanoreception, we hypothesize that their presence is due to functional equivalence between 415 

coronal and vertebrate hair cells. 416 

Fourth, we considered transduction channels. At present, although transduction channel gene 417 

expression has been studied, the exact channel or channels that function in vertebrate hair cells are 418 

unknown (Martinac, 2014; Wu et al., 2016). The Trp channel family is one such group of genes and 419 

includes the Trpa channel which, although seeming to be non-essential for auditory signal 420 

transduction in mice, is expressed in vertebrate hair cells (Kwan et al., 2006). We show that, in 421 

Ciona, the Trpa1 gene is also expressed by coronal cells. This supports an evolutionary relationship 422 

with vertebrate hair cells. 423 

 424 

Same cells, different location: evolutionary scenarios and predictions 425 

The four types of evidence outlined above support the homology of coronal organ cells with 426 

vertebrate mechanosensory hair cells. As previously described (Gasparini, Degasperi, et al., 2013; 427 

Manni et al., 2004), coronal cells and hair cells also show some embryological similarity, with both 428 

cell types deriving from cell populations with placodal characters and localized to the neural plate 429 

border during early embryogenesis. A major difference is from where in this placodal territory they 430 

derive. In vertebrates, most cranial placodes divide between two groups: the anterior group 431 

(adenohypohyseal, olfactory, lens), depending on protection from Wnt signals by Wnt inhibitors, 432 

and the posterior group (otic, epibranchial and lateral line), dependent on Wnt signalling. This 433 

division mirrors that in the central nervous system (which positions key brain landmarks), and may 434 
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be similarly dependent on the Otx and Gbx transcription factor genes. In vertebrates, 435 

mechanosensory hair cells arise exclusively from the posterior, Gbx positive, domain (Schlosser, 436 

Patthey, & Shimeld, 2014). However, the Ciona coronal organ is an anterior structure. Moreover, 437 

Ciona has posterior placodes (the atrial placodes) positioned equivalently to the vertebrate posterior 438 

placodes, but these do not contribute cells to the coronal organ. 439 

This spatial distinction violates one of the basic precepts of classical homology, that of 440 

positional equivalence, however our study shows these are homologous cell types. We consider two 441 

evolutionary scenarios might explain this. The first is based on the possibility of cell type co-option, 442 

essentially that the cell-type can be thought of as a moveable state or unit. In one lineage, this 443 

secondary sensory cell type may have been acquired by one of these proto-placodes, and lost by the 444 

other. Co-option of cell types is demonstrable in other situations (for example the formation of 445 

skeletal tissue from both mesodermal and neural crest cell sources in vertebrate embryos). A 446 

comparison between tunicates and vertebrates cannot formally reveal the ancestral state, that is 447 

which proto-placode originally made mechanosensory hair cells, though studies of more distantly-448 

related taxa suggest the anterior placode domain is more likely to be involved in olfaction and 449 

hormonal regulation, and not mechanosensation (Schlosser et al., 2014), and hence suggesting 450 

tunicates are more likely to be the derived lineage. It may also be relevant here to note that Ciona 451 

(and probably other tunicates) have probably dispensed with several aspects of anterior 452 

neurectodermal patterning found in vertebrates (Holland et al., 2013; Pani et al., 2012) . Loss of this 453 

system could correlate with the development from the anterior proto-placode of cell types that arise 454 

from more posterior placodes in vertebrates. This cell-type co-option scenario, however, would 455 

require the evolution of parallel neural connectivity involved in secondary sensation in the lineage 456 

that acquired the ‘new’ mechanosensory cells. 457 

A second possibility is that the primitive organization in the common ancestor of vertebrates 458 

and tunicates included mechanosensory hair cells arising from both proto-placode domains. This 459 

capability would then have been reciprocally lost by vertebrates and tunicates from one domain 460 
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each. That the vertebrate anterior placodal territory has the competence to form otic derivatives 461 

early in development (Gallagher, Henry, & Grainger, 1996; Groves & Bronner-Fraser, 2000) 462 

supports this. This scenario predicts that the posterior tunicate proto-placode originally made 463 

secondary sensory mechanoreceptors. In living tunicates, this proto-placode makes the atrial siphon 464 

and associated derivatives, and this structure does have some sensory cells associated with it, in 465 

structures known as cupular organs (reviewed in (Mackie & Burighel, 2005; Manni & Pennati, 466 

2016). The detailed structure, development and gene epression of cupular organ cells has not been 467 

elucidated, however they contain, at least in those tunicates studied, only primary sensory cells.  468 

A way of combining and distilling these arguments is to consider the issue as one of 469 

progressive change in cell state. In vertebrate embryos, the placode cell lineage transitions through 470 

serial state changes: from naive ectoderm, through a pre-placodal state (with broad competence to 471 

make placodal derivatives) to specific placodal states. Homology to Ciona may lie at two 472 

dissociable levels within this process: at the level of broad placodal competence in early embryos, 473 

and at the level of cell types later in development, independent of location. These levels appear 474 

relatively stable in evolutionary terms, but the connection between them more malleable, explaining 475 

the differences we see in living tunicates and vertebrates. 476 

 477 
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Table 1. Information on genes (first column) investigated by PCR (list of primers, transcript IDs and related amplicons; cDNA was obtained from 712 
isolated tentacles belonging to C. robusta) and ISH (last two columns). Amplicon lengths in bold refer to obtained amplifications by the PCRs. Cells 713 
in bold in the last column indicate expression in coronal organ (Msi and Trpa genes) or nervous system (Gad and Chat genes) evidenced by ISH. 714 
ND: not determined. 715 

Gene 
name Primer sequence (5’ - 3’) 

Gene Model ID (when 
possible both KH and 

GenBank) 

Amplicon 
length 
(pb) 

Public cDNA library and Clone IDs for ISH †, ‡ 
[# if obtained by specific cloning] § 

Species 
utilized to 

perform ISH 

Atoh For GCTGTTCCTCCGCTGTCTTCTGTCAT XM_002124671.3 491 # C. robusta Rev CCTTCCATTCTTCGCCGTTCCC  

Delta For GTCTGTATGCCTGGGTGGATGGATAC  KH.L155.7.v1.A.SL1-1 
NM_001078209.1 1365 cien100488 

Plate: VES85_E23 C. robusta Rev CGGTAACTCCACCCTTGCCTCTG  
Delta-

like 
For ACCGACACAACGACCTGCCCATC  KH.L50.6.v1.A.SL1-1 

NM_001078210.1 917 # C. robusta Rev TCCCCGTTTGATGTCTCTACCTCCAC  

Gabbr1 For GTGCGATGCTGGGCTGGGTA XM_002127438.3 
KH.L22.28.v1.A.ND2-2 1347 # C. robusta Rev GCAAATAGAGGGGAGAAGGCAAGAG 

Gad For CAGTTGTTGGAGGGGATTGAAGGATTT  KH.S761.6.v1.A.ND1-1 
NM_001032613.1 1271 Citb085j12 

Plate: R1CiGC46h13 C. intestinalis Rev TTGCTAATGACACACCGAAAGAAGTTGAC 

Hairy-a For GATTGTTCTCACCGCCGTCGC  KH.C1.159.v1.A.nonSL3-1 
 558 cien224977 

Plate: VES105_D01 C. robusta Rev GAATCGCTACTACTGGTGTGGGGGG  

Hairy-b For AGCCTGTCCATCAACTTCCACCAC  KH.C3.312.v1.A.SL1-1 
NM_001078216.1 534 cien131186 

Plate: VES90_H20 C. intestinalis Rev CCGATGGCGAGATGGAACGAAC  

Hairy-c For TGCGAAGGAGTTACTGTTGATGTGCGA  KH.L34.9.v1.A.SL1-1 
NM_001078217.1 1492 cima898125 

Plate: VES72_N07 C. robusta Rev GTGGATTACGGCAGGCAGCAGC  

Msi For GGCGAGAGGAACAGCAAGGAGGA  XM_009861769.1 
KH.C10.264.v2.A.SL1-1 477 citb018k22 

Plate: R1CiGC31i19 C. intestinalis Rev GCACCAGGAGAGGGCGAAGGATG  

Notch For GAGCAACAACATAACAGGGTGGATAGCG  KH.C9.176.v8.A.ND2-1 
NM_001044360.1 362 citb038p24 

Plate: R1CiGC32l15 C. robusta Rev GGGCTGGGGGTTTCGTATGAGAG 

Rbl For GAACCATACACACAACAACCTG KH.L59.10.v2.A.nonSL2-1 
XM_009863456.1 373 ND ND Rev GTTTTCCTGCTTTGGCACA 

Th For GACATCAACAGGCAGAAGAGGAAG KH.C2.252.v1.A.SL1-1 
NM_001032795.1 1136 # For AGATACCCAGCTAAGTCTAAAC C. robusta Rev CGGAGTCTTCGTATGGCTGC Rev TGGGCAGTGTTCGAAATGTAGTTG 

Tph For GGACAAATCATCAGAAACCCACCAG KH.C14.412.v1.B.SL1-1 
NM_001097618.1 1091 # For CAAGGGTCGAATACACGAAGATC C. robusta Rev GTGACATTTTACTGACCGCTGATTGG Rev TGACCGCTGATTGGATGGAACTG 

Trpa For GCGGCGGCGTTTGGTCAC  KH.L112.15.v2.A.ND3-1 
XM_002121947.3 420 cieg082o22 

Plate: R1CiGC40m20 C. intestinalis Rev GCCAATGCCGCCGTATGTAGAGG  

Trpn For CACTCTGCTGCGAAAAACAACCACG  XM_009860837.1 794 cinc001j11 
Plate: R1CiGC44p11 C. intestinalis Rev CTTGCGAATAACAGCGGAGACCAACC  

Chat For CGTGCCCTACCCGTTGATGTTGC KH.C1.498.v2.A.SL1-2 
NM_001032449.1 697 Ciad094n13 

Plate: R1CiGC37m03 C. intestinalis Rev GGAGGCGTCGTGGGGAAGGTAG 

Vglut For GTTGCCAACTTCTGCAGAAGCT NM_001128885.1 340 # For GCGGGGTGGCCTTCTGTATTTTAT C. robusta Rev AGCCTGAAATGGCGAATCCACT Rev GTCAGCCCATGGTTGCCTCTCAC 
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NOTES: 716 
† The reference for the clones prefixed R1ciGC is (Satou et al., 2002). 717 
‡ The reference for the clones prefixed VES is (Gilchrist et al., 2015). 718 
§ See methods in the main text for information on each specific cloning. Listed primers in this column are for amplicons then used to prepare 719 
the RNA probes, when different to the ones listed on the left. 720 

Page 30 of 41

John Wiley & Sons

Journal of Comparative Neurology



For Peer Review

31 
 

Table 2. Features of antibodies used in the study. 721 
 722 

Antibody  
name 

Immunogen 
structure 

Manufacturer, code, 
RRID, species, mono-

/polyclonal 

Dilution Tested 
species 

Ci-Vglut  
(Ciona intestinalis 
vesicular glutamate 
transporter) 
(Horie et al., 2008) 

Carboxylterminal 
region of Ci-Vglut 
(a member of the 
vesicular glutamate 
transporter 
subfamily) 

- Courtesy of Prof. Maurice 
Elphick (School of 
Biological and Chemical 
Sciences, Queen Mary, 
University of London); 
- RRID1: AB_2314195; 
- species: mouse; 
- monoclonal 

1:100 C. 
intestinalis 

Anti-GABA  
(Anti-γ-
Aminobutyric acid) 

GABA (γ-
aminobutyric acid) 
conjugated to BSA 

- Sigma-Aldrich, catalog 
number: A0310; 
- RRID1: AB_476667; 
- species: mouse; 
- monoclonal 

1:100 C. robusta 

1 Antibody record ID at The Antibody Registry (http://antibodyregistry.org)  723 
 724 
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Table 3. Markers utilized to characterize the coronal organ connectivity, and their localization in ascidian Central and Peripheral Nervous Systems 725 
(C and PNS). 726 

Type of neurons 
revealed 

Marker used 
to 

characterize 

Complete name and 
role 

Localization in larval 
CNS Localization in larval PNS References for 

larval C and PNS 
Localization 

in adult 

References for 
adult C and 

PNS 

Glutamatergic  VGlut  
Vesicular transporter 
for Glutamate 

posterior sensory vesicle 
otolith antenna cells, 
ocellus photoreceptor 
cells 

papillary neurons, epidermal 
neurons, otolith cell, ocellus 
photoreceptor cells 

(Horie et al., 2008) CNS and PNS 
(Hozumi et al., 
2015; Osborne et 
al., 1979) 

Cholinergic  

Chat Choline 
acetyltransferase 

motor neurons of 
visceral ganglion 

 (Dufour et al., 
2006) 

CNS and PNS (Dufour et al., 
2006) 

AchE 

Acetylcholinesterase-
enzyme (that 
hydrolyses 
Acetylcholine) 

   CNS and PNS 

(Arkett, O., & L., 
1989; Burighel, 
Sorrentino, 
Zaniolo, 
Thorndyke, & 
Manni, 2001) 

GABAergic  

Gad 

Glutamic acid 
decarboxylase-enzyme 
(rate-limiting enzyme 
in GABA synthesis) 

Posterior sensory 
vesicle, visceral 
ganglion, contrapelo 
cells 

Papillary neurons, tail 
bipolar neurons 

(Zega et al., 2008) 
 

  

Gabbr1  GABA receptor B1 

Photoreceptor cells, 
coronet cells, posterior 
sensory vesicle, a 
 visceral ganglion 

Tail bipolar neurons (Zega et al., 2008)   

GABA γ-aminobutyric acid 
sensory vesicle, neck,  
visceral ganglion 

Papillary neurons, tail 
bipolar neurons 

(Brown, Nishino, 
Bone, 
Meinertzhagen, & 
Okamura, 2005) 

CNS 
(Bollner et al., 
1993; Osborne et 
al., 1979) 

Serotoninergic  Tph 

Tryptophan 
hydroxylase enzyme 
(rate-limiting enzyme 
in serotonin synthesis) 

visceral ganglion  
(Pennati, Zega, 
Groppelli, & De 
Bernardi, 2007) 

CNS 
(Osborne et al., 
1979; Takeda, 
1992) 
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Catecholaminergic Th 

Tyrosine hydroxylase-
enzyme (involved in 
catecholamine 
synthesis) 

Sensory vesicle, coronet 
cells 

 
(Moret et al., 
2005) 

CNS (Osborne et al., 
1979) 
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 727 

FIGURE LEGENDS 728 

Fig 1. Developmental gene expression in the coronal organ of Ciona. 729 

(A) Amplicon’s weights from PCR for the Atoh, Notch, Delta-like, Hairy-b and Msi gene 730 

transcripts from isolated oral tentacles. (B-F). In situ hybridization on young adult. B-C. Hairy-b is 731 

expressed in the branchial basket (bb). In the oral siphon (os), at the base of the tentacles (t), the 732 

label is at the tunic level. D-F. Msi is expressed in many ciliated tissues: endostyle (e), 733 

peripharyngeal bands (pb), oral siphon (os). In the latter, tentacles (t) show a weak signal, but 734 

labelled cells (asterisks) are present along the coronal cells. Scale bar: 200 µm in B-D; 50 µm in E; 735 

25 µm in F. 736 

 737 

Fig 2. Synaptic connectivity between coronal cells and brain neurites in C. robusta by TEM. 738 

(A) Cross section of a tentacle crista with the coronal organ. At their base, coronal cells (cc), show 739 

some neurites (black arrowheads). White arrow: axon involved in the efferent axo-somatic synapse 740 

enlarged in B. (B). Detail of the same axon (a) indicated by white arrow in A and photographed in a 741 

close thin section. The axon establishes an efferent axo-somatic synapse (delimited by arrows) with 742 

a coronal cell (cc). White arrowheads: presynaptic vesicles in axon; black arrowhead: thickening of 743 

postsynaptic membrane. (C) Afferent soma-dendritic synapse (delimited by white arrows) between 744 

a coronal cell (cc) and a dendrite. Arrowheads: presynaptic vesicles in coronal cell. (D) Reciprocal 745 

synapse (delimited by arrows) between a nerve terminal (n) and a coronal cell (cc). Note that 746 

presynaptic vesicles are within the neurite (black arrowheads) and in the coronal cell (white 747 

arrowheads). (E-G) Efferent axo-somatic synapses between two axons and two close coronal cells 748 

(cc). Boxed area bordered by dotted line in E is enlarged in F, whereas boxed area bordered by 749 

continuous line in E is enlarged in G, to show the two efferent synapses. Black arrowhead in G: 750 

thickening of postsynaptic membrane. (H) Scheme showing the different kinds of synaptic 751 

connections recognized between coronal cells and nerve terminals belonging to cerebral ganglion 752 
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neurons. Arrows show the direction of sensory information transmission. bl: basal lamina; n: nerve 753 

terminal; nu: nucleus; sc: supporting cells. Scale bar 2.4 µm in A; 100 µm in B, F and G; 200 µm in 754 

C and D; 500 µm in E. 755 

 756 

Fig 3. Nerve pathway and neurotransmission in the coronal organ of C. robusta. 757 

(A) Schematic drawing of a juvenile (left) and a dissected juvenile (right). Specimens were opened 758 

along the endostyle (dotted line) in order to better visualize the cerebral ganglion. (B) Cerebral 759 

ganglion (cg) and anterior nerves (arrowheads) marked by the antibody anti-Ci-VGlut. Note the thin 760 

nerve (arrow) at velum (v) level. (C-E) The same area of velum (v) and tentacles (t) in bright field 761 

(C), labelled with DAPI (D), and with antibody anti-Ci-Vglut (E). Note in E coronal nerves 762 

(arrowheads). (F-I) Cholinergic neurons marked with Chat RNA probe (F) and labelled with AChE 763 

assay (G-I). Both the techniques labels cerebral ganglion (cg) and nerve fibers (arrowheads), also 764 

inside tentacles (t) and velum (v). (J-L) GABAergic neurons labelled by Gad probe (J) and by 765 

antibody anti-GABA (K, L). Nuclei marked by DAPI in K. J. Gad is recognizable in neurons 766 

located in anterior and posterior ends of cerebral ganglion (cg). K, L. Coronal nerves (arrowheads) 767 

marked by antibody anti-GABA. Note in inset of M, sensory cilia (c) belonging to coronal cells 768 

(cs). (M) Coronal cells (asterisks) are marked by Trpa probe. bb: branchial basket; pb: 769 

peripharyngeal band; t: tentacle. Scale bar 200 µm in B, H; 100 µm in C-G, I, L, M; 50 µm in J-K, 770 

N; 25 µm in O; 4 µm in inset of M. 771 

 772 

Fig 4. Amplicon’s weights from PCR for the Vglut, Chat, Gad, GABA, Th, Tph and Trpa gene 773 

transcripts from isolated oral tentacles. 774 

 775 

Fig 5. Schematic drawing summarizing the genetic pathway acting during hair cell 776 

development. 777 
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Genetic pathway acting during vertebrate hair cell development (right) and the genetic pathway 778 

hypothesis in ascidians (left). To note that a Trpn homolog is not present in mammals and other 779 

vertebrate lineages (Corey, 2006; Delmas, Hao, & Rodat-Despoix, 2011). 780 
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Fig 1. Developmental gene expression in the coronal organ of Ciona.  
(A) Amplicon’s weights from PCR for the Atoh, Notch, Delta-like, Hairy-b and Msi gene transcripts from 

isolated oral tentacles. (B-F) In situ hybridization on young adult. B-C. Hairy-b is expressed in the branchial 
basket (bb). In the oral siphon (os), at the base of the tentacles (t), the label is at the tunic level. D-F. Msi 

is expressed in many ciliated tissues: endostyle (e), peripharyngeal bands (pb), oral siphon (os). In the 
latter, tentacles (t) show a weak signal, but labelled cells (asterisks) are present along the coronal cells. 

Scale bar: 200 µm in B-D; 50 µm in E; 25 µm in F.  
 

81x171mm (300 x 300 DPI)  
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Fig 2. Synaptic connectivity between coronal cells and brain neurites in C. robusta by TEM.  
(A) Cross section of a tentacle crista with the coronal organ. At their base, coronal cells (cc), show some 

neurites (black arrowheads). White arrow: axon involved in the efferent axo-somatic synapse enlarged in B. 
(B) Detail of the same axon (a) indicated by white arrow in A and photographed in a close thin section. The 

axon establishes an efferent axo-somatic synapse (delimited by arrows) with a coronal cell (cc). White 
arrowheads: presynaptic vesicles in axon; black arrowhead: thickening of postsynaptic membrane. (C) 
Afferent soma-dendritic synapse (delimited by white arrows) between a coronal cell (cc) and a dendrite. 

Arrowheads: presynaptic vesicles in coronal cell. (D) Reciprocal synapse (delimited by arrows) between a 
nerve terminal (n) and a coronal cell (cc). Note that presynaptic vesicles are within the neurite (black 

arrowheads) and in the coronal cell (white arrowheads). (E-G) Efferent axo-somatic synapses between two 
axons and two close coronal cells (cc). Boxed area bordered by dotted line in E is enlarged in F, whereas 
boxed area bordered by continuous line in E is enlarged in G, to show the two efferent synapses. Black 

arrowhead in G: thickening of postsynaptic membrane. (H) Scheme showing the different kinds of synaptic 
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connections recognized between coronal cells and nerve terminals belonging to cerebral ganglion neurons. 
Arrows show the direction of sensory information transmission. bl: basal lamina; n: nerve terminal; nu: 

nucleus; sc: supporting cells. Scale bar 2.4 µm in A; 100 µm in B, F and G; 200 µm in C and D; 500 µm in 
E.  
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Fig 3. Nerve pathway and neurotransmission in the coronal organ of C. robusta.  
(A) Schematic drawing of a juvenile (left) and a dissected juvenile (right). Specimens were opened along 

the endostyle (dotted line) in order to better visualize the cerebral ganglion. (B) Cerebral ganglion (cg) and 
anterior nerves (arrowheads) marked by the antibody anti-Ci-VGlut. Note the thin nerve (arrow) at velum 

(v) level. (C-E) The same area of velum (v) and tentacles (t) in bright field (C), labelled with DAPI (D), and 
with antibody anti-Ci-Vglut (E). Note in E coronal nerves (arrowheads). (F-I) Cholinergic neurons marked 
with Chat RNA probe (F) and labelled with AChE assay (G-I). Both the techniques labels cerebral ganglion 

(cg) and nerve fibers (arrowheads), also inside tentacles (t) and velum (v). (J-L) GABAergic neurons 
labelled by Gad probe (J) and by antibody anti-GABA (K, L). Nuclei marked by DAPI in K. J. Gad is 

recognizable in neurons located in anterior and posterior ends of cerebral ganglion (cg). K, L. Coronal nerves 
(arrowheads) marked by antibody anti-GABA. Note in inset of M, sensory cilia (c) belonging to coronal cells 

(cs). (M) Coronal cells (asterisks) are marked by Trpa probe. bb: branchial basket; pb: peripharyngeal 
band; t: tentacle. Scale bar 200 µm in B, H; 100 µm in C-G, I, L, M; 50 µm in J-K, N; 25 µm in O; 4 µm in 

inset of M.  
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Fig 4. Amplicon’s weights from PCR for the Vglut, Chat, Gad, GABA, Th, Tph and Trpa gene 
transcripts from isolated oral tentacles.  
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Fig 5. Schematic drawing summarizing the genetic pathway acting during hair cell development.  
Genetic pathway acting during vertebrate hair cell development (right) and the genetic pathway hypothesis 
in ascidians (left). To note that a Trpn homolog is not present in mammals and other vertebrate lineages 

(Corey, 2006; Delmas, Hao, & Rodat-Despoix, 2011).  
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