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We review the occurrence of biogenic amines and their potential role as neurotransmitters in the nervous system of three groups of invertebrate deuterostomes: tunicates, cephalochordates, and echinoderms. In addition to an overview of biogenic amines in each subphylum, we focus on a few species, including the sea squirts Ciona intestinalis, C. robusta, C. savignyi, and Phallusia mammillata (tunicates), the lancelets Branchiostoma lanceolatum and Branchiostoma floridae (cephalochordates), and the sea urchin Strongylocentrotus purpuratus (echinoderms). We chose these species as they are the most studied invertebrate deuterostomes in the field of evolutionary developmental biology (EvoDevo). Providing a comparative picture of the expression and role of neurotransmitters in deuterostomes will contribute to understanding the evolution of these neural signaling systems. Such an approach represents a new frontier of comparative neuroanatomy and neurobiology, and a prerequisite to uncover the homology of neuronal structures and circuits in deuterostomes with such diverse body plan organization and complexity.
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INTRODUCTION

Chemical signaling arose during the earliest evolution of living forms and, consequently, cell communication in multicellular animals occurs through signaling mechanisms via either intercellular contact or diffusible mediators acting at a distance (Gallo et al., 2016). Many signaling systems originate from primitive, even unicellular, organisms, like protists (Janakidevi et al., 1966). It has been proposed that the evolution of signaling molecules required a dynamic process in which neurotransmitters and their corresponding receptors evolved in parallel, following gene duplications and losses early in the Deuterostome lineage (reviewed by Hoyle, 2011). As organisms evolved greater complexity, certain classes of molecules were requisitioned as intercellular signaling devices. The autonomic nervous system represents the most well-known case of signaling cooption, in which chemical transmission is guaranteed by a ligand molecule and its specific receptor or receptors (Hoyle, 2011).

Neurotransmitters originate from unicellular organisms functioning in chemotaxis and chemo-signaling and are responsible for intercellular communication – for example, regulating the growth of other unicellular organisms (Rochchina, 2010). These molecules could influence (as hormones) others unicellular organism life and be attractants or repellent for them. These molecules could hereby serve a secondary role as biomediators (Rochchina, 2010).

Compounds such as acetylcholine, dopamine, norepinephrine, epinephrine, serotonin, and histamine (collectively known as neurotransmitters) have been found not only in animals (Boron and Boulpaep, 2005) but also in plants and microorganisms lacking a true nervous system (Rochchina, 2001). Animals produce a myriad of active molecules, probably sharing a common origin. Interestingly, these molecules are also produced by protists, sponges, and placozoans, suggesting that the endocrine system predates a centralized nervous system (Gallo et al., 2016).

While numerous review articles focus on the role of biogenic amines in single organisms, none compare the expression pattern and anatomical distribution of neurotransmitter activity in non-vertebrate deuterostomes (such as tunicates, cephalochordates, and echinoderms). Tunicates (appendicularians, salps, and sea squirts) are the sister group to vertebrates (Delsuc et al., 2006; Vienne and Pontarotti, 2006), which together comprise the recently-classified olfactores; olfactores, alongside cephalochordates, constitute the chordate phylum. Echinoderms, on the other hand, belong to Ambulacraria, the non-chordate clade within deuterostomes. We briefly review the distribution of catecholamines (dopamine, adrenalin, and noradrenalin), indolamines (serotonin), and histamine in phylogenetically-significant deuterostomes and, then, discuss common features, divergent functions and species-specific roles during embryonic development.



CATECHOLAMINES


Dopamine

Dopamine represents a major neuromodulator synthesized by various cell populations in the vertebrate forebrain and midbrain, which predates the divergence of deuterostomes (Yamamoto and Vernier, 2011). In mammals, dopamine has been widely studied for its key role in sensorimotor programming, learning, reward, and memory, as well as in many vegetative, autonomous and cognitive functions (Baudonnat et al., 2013).


Tunicates

The first evidence of dopamine in Ciona robusta was the distribution of the mRNA precursor of tyrosine hydroxylase (TH), the limiting enzyme of dopamine biosynthesis, in addition to transgenic assays of its enhancer activity (Moret et al., 2005). These studies found TH in the left portion of the larval sensory vesicle, in some of the ‘coronet cells’ (Figure 1A and Table 1). Other research groups confirmed the presence of dopamine in the sensory vesicle in the same species (Razy-Krajka et al., 2012). However, since TH marks both dopaminergic and noradrenergic cells, the identity of dopamine cells in C. robusta was confirmed using a specific anti-dopamine antibody, which revealed a strong immunoreactivity in the sensory vesicle during the larval stage and early metamorphosis (Moret et al., 2005). Furthermore, the immunoreactivity shown by posterior sensory vesicle neurons (Figure 1A and Table 1) supports the hypothesis that these dopamine neurons are responsible for larval swimming (Moret et al., 2005).
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FIGURE 1. Localization of dopamine and serotonin expressing cells in tunicates, cephalochordates and echinoderms. Diagrams of tunicate (A), lancelet (B), and sea urchin (C) larvae depict dopaminergic (orange) and serotonergic (purple) neurons relative to nervous system (light blue). (A) Tunicate tadpole larva model showing signals reported in C. robusta and P. mammillata, with asterisks highlighting conserved dopaminergic neurons in both species. Dopamine is present in the coronet cells of the sensory vesicle in both species. Moreover, in P. mammillata, dopamine has been shown in the adhesive papillae, in the whole dorsal neural tube and in some fibers of the visceral ganglion extending to the tail. Serotonin is present in the visceral ganglion and muscle cells along the tail in C. robusta, while in P. mammillata it occurs in the sensory vesicle, adhesive papillae, visceral ganglion and epidermal neuron. rten, rostral trunk epidermal neuron; vec, ventral endodermal cell; en, epidermal neuron. (B) Lancelet larva model showing signals reported in B. lanceolatum and B. floridae. Dopaminergic and serotonergic neurons have been described for both species in the cerebral vesicle and the anterior part of the nerve cord. Additionally, in B. floridae serotonin has been observed in frontal eye and gut epithelium. (C) Sea urchin early pluteus larva model (S. purpuratus) showing serotonergic neurons localized in the most anterior part of the nervous system, the apical organ domain; two dopaminergic neurons are localized in the lower lip near the esophageal domain and three dopaminergic neurons approach the post-oral arms of the larva. M, mouth; cp, coelomic pouches; cs, cardiac sphincter; S, stomach; ps: pyloric sphincter; I, intestine; A, anus.



TABLE 1. Catecholamines: dopamine, adrenaline, noradrenaline distribution in embryos or adult tunicates, cephalochordates, and echinoderms.

[image: Table 1]
Interestingly, a recent study suggested a strong similarity between dopaminergic cells of the C. robusta sensory vesicle and the amacrine cells of the vertebrate retina, as both territories express the genes necessary to synthetize, store, and release dopamine (Razy-Krajka et al., 2012). This cellular homology is supported by the expression of transcription factors, such as Ptf1a, Rx, Six3/6, Pax6 and Meis, thereby defining a dopaminergic-specific regulatory signature (Oliver et al., 1995; D’Aniello et al., 2006, 2011; Heine et al., 2008; Irvine et al., 2008; Razy-Krajka et al., 2012).

In adult C. robusta, components of the catecholaminergic pathway, such as tyrosine hydroxylase, occur in coronal cells within the oral siphon tentacles (Rigon et al., 2018). Dopamine localization in coronal cells could play a protective role on the nerve synapse, given the homology of these cells to mammalian hair cells, for which it acts likewise (Lendvai et al., 2011).

Dopaminergic neurons have also been detected in Phallusia mammillata. Specifically, dopamine immunoreactivity was found in the adhesive papillae, the sensory vesicle (coronet cells), the entire dorsal neural tube, and in some fibers of the visceral ganglion extending to the tail (Zega et al., 2005, 2010). Interestingly, these investigations show that inhibiting dopamine signaling promotes metamorphosis, which implies a key role for dopamine in this fundamental developmental transition.



Cephalochordates

Dopamine occurs in the nervous system of the cephalochordate lancelet; three distinct dopaminergic neuronal populations were found in adult Branchiostoma lanceolatum by anti-dopamine and anti-TH immunohistochemical experiments. The most anterior dopamine domains are represented by a compact group of neurons in the cerebral vesicle (population 1) and a second group in primary motor center region, corresponding to interneurons (population 2). A third dopamine cell population is represented by dorsal commissural neurons that cross the midline of the neural tube (population 3) (Figure 1B and Table 1) (Moret et al., 2004). At the larva stage, the expression of genes for biosynthetic dopaminergic enzymes and receptors occurs in specific regions of the cerebral vesicle and hindbrain (Figure 1B), probably corresponding to the dopamine population 1 observed in the adult (Candiani et al., 2005, 2012; Zieger et al., 2017). The formation of the anterior-most dopamine neurons appears to be regulated by retinoic acid (Zieger and Schubert, 2017; Zieger et al., 2018b).

Interestingly, gene cloning and functional assays show that the lancelet Branchiostoma floridae possesses at least four dopamine D1 receptors (Burman et al., 2007, 2009; Burman and Evans, 2010). The pharmacological characterization of an lancelet dopamine D2 receptor in exogenous cell lines (Bayliss and Evans, 2013) and the identification of other two D2 receptors (Nordström et al., 2008) support the existence of D2 receptors in lancelets, contradicting the hypothesis that D2 dopamine receptors have been secondarily lost in the protochordate lineage (Yamamoto and Vernier, 2011).



Echinoderms

In echinoderms, and more specifically in sea urchins, dopamine is produced throughout most of the embryonic and larval development. In the sea urchin Strongylocentrotus droebachiensis, dopamine is detected throughout the apical surface of the ectoderm at the hatching blastula, prior to neurogenesis. At the pluteus stage, dopamine is detected in neurons of the post-oral ciliary band and in neurons around the mouth of the larva (Bisgrove and Burke, 1987). In the sea urchin Strongylocentrotus purpuratus, whole mount in situ hybridization experiments of the dopamine decarboxylase (Ddc) and TH immunofluorescent staining showed expression in the ciliary band post-oral neurons and mouth neurons (Figure 1C and Table 1) (Adams et al., 2011). Similar expression patterns were detected in the sea urchins Pseudocentrotus depressus and Hemicentrotus pulcherrimus (Wada et al., 1997; Katow et al., 2010). In the sea urchin Lytechinus variegatus, TH was detected in neurons located in the post-oral arms of the larva (Slota and McClay, 2018). Dopamine regulates the swimming of sea urchin larvae and their response to food availability. Embryos and larvae of H. pulcherrimus treated with carbidopa, a dopamine decarboxylase inhibitor, swam less than controls (Katow et al., 2010). Adams and colleagues found that dopamine signaling instigated a phenotypic response of larvae to food availability (Adams et al., 2011). When food is plentiful, they develop shorter arms than otherwise. Adams et al. (2011) showed that spatial and temporal expression of dopamine and its signaling pathway components accord with the feeding behavior of the larva and that algae-induced dopamine signaling inhibits arm elongation. In addition, externally-provided dopamine induced metamorphosis in larvae of the sand dollar Dendraster excentricus, suggesting that the dopaminergic system also plays an important role in echinoderm metamorphosis (Burke, 1983).



Adrenalin and Noradrenalin

Among monoamines, adrenalin (AD) and noradrenalin (NA) are synthetized through the catecholamine synthetic pathway, starting with the amino acid tyrosine (Daubner et al., 2011). In vertebrates, adrenalin and noradrenalin represent the main neurotransmitters of the sympathetic nervous system with specific functions in the regulation of cardiac tone and in metabolic homeostasis and emotional distress (Goldstein, 2010).


Tunicates

A first evidence of adrenalin presence and function in tunicates comes from a study in C. robusta showing that adrenalin markedly accelerates heart contraction (Scudder et al., 1963). A few years later, it was shown that adrenalin and noradrenalin also accelerate contraction of smooth muscle in this species (Akers, 1969; Keefner and Akers, 1971). However, although a detailed study of the C. robusta genome found a homolog of dopamine ß-hydroxylase (DβH), the enzyme converting dopamine in noradrenalin, this animal appears to lack phenyl ethanolamine N-methyltransferase (PNMT): the enzyme that synthetizes adrenalin from noradrenalin (Dehal et al., 2002). Nevertheless, another survey of C. robusta genome reported the existence of 10 genes encoding putative adrenergic receptors (6α and 4β type) (Sherwood et al., 2006).

In addition, the distribution of adrenalin and noradrenalin were characterized in detail in the sister species, C. savignyi. Immunohistochemistry with a DβH antibody showed a specific adrenalin and noradrenalin signal in the larva brain vesicle and visceral ganglion and in competent larvae 6 h after hatching (Kimura et al., 2003). Interestingly, immunohistochemical staining with a β1-Adrenergic receptor (β1-AR) began at the tailbud stage; this was followed by increased immunoreactivity at 6 h after hatching in (i) the brain vesicle (which envelopes the sense organs), (ii) the adhesive papillae, and (iii) the fibers along the notochord protruding from the tail. Interestingly, interactions between adrenalin, noradrenalin and β1-Adrenergic receptor in C. savignyi nervous system promote metamorphosis (Kimura et al., 2001, 2003).



Cephalochordates

No evidence of an adrenergic system has been found in a cephalochordate larva. High performance liquid chromatography and electrochemical detection assays performed on the adult lancelet head (Moret et al., 2004) support the contention that cephalochordates lack these neurotransmitters altogether. However, the lancelet B. floridae adult boasts an adrenaline/noradrenaline receptor (AmR4) that has been pharmacologically characterized by expression in mammalian cell lines (Bayliss and Evans, 2013). Moreover, DBH-like genes occur in the genomes of B. floridae (XP_002596363) and B. lanceolatum (BL17368; Marlétaz et al., 2018). Therefore, lacking dedicated investigation, we cannot rule out the possibility that adrenalin or noradrenalin occur in the larval or adult lancelet.



Echinoderms

The only evidence of putative noradrenalin synthesis in echinoderms is the existence of a DβH-like gene in the sea urchin S. purpuratus genome (XP_030854058), although we lack expression and functional studies. Interestingly, adrenalin and enzymes involved in its biosynthesis seem to have been lost in echinoderms (Burke et al., 2006).



INDOLAMINES


Serotonin

Serotonin [5-hydroxytryptamine (5-HT)] is a key neurotransmitter throughout metazoans, suggesting that it has served this role since the inception of the nervous system (Hay-Schmidt, 2000). In vertebrates, serotonin regulates many neuronal functions, such as sleeping, feeding, and mood.


Tunicates

The first evidence of serotonin occurrence in different organs of the adult C. robusta comes from a spectrofluorometric analysis (Welsh and Loveland, 1968; Nilsson et al., 1988). At the late larval stage, during the onset of metamorphosis, serotonin has been immunolocalized to the visceral ganglion (De Bernardi et al., 2006). Interestingly, in situ hybridization experiments revealed that tryptophan hydroxylase (TPH), the rate limiting enzyme in serotonin biosynthesis, is expressed in both the visceral ganglion and in some muscle cells, probably at neuro-muscular junctions (Figure 1A and Table 2A); this suggests that serotonin regulates the left-right alternate tail contraction during larval swimming (Pennati et al., 2007a). In P. mammillata swimming larvae, serotonin has been detected in the sensory vesicle, papillae, epidermal trunk neurons, and epidermal tail neurons (Figure 1A), whilst juveniles showed serotonin in the peripharyngeal band, along the endostyle and in the gut (Pennati et al., 2001). That serotonin patterns differ between C. robusta and P. mammillata can be due to the distinct experimental methods used: TPH expression and serotonin immunofluorescence, respectively. Furthermore, embryos treated with various pharmacological serotonin inhibitors exhibited impaired development of the anterior nervous system and metamorphosis (Pennati et al., 2001). Ultimately, P. mammillata juveniles treated with a specific serotonin receptor 2B (5HT2b) antagonist developed an abnormal cardiovascular system, confirming the key role of this neurotransmitter in development and morphogenesis (Pennati et al., 2001, 2003; Zega et al., 2005). Interestingly, by analyzing TPH expression in adult C. robusta, serotonergic neurons have also been found in the tentacle of coronal cells in the oral siphon. These cells are homologous to vertebrate hair cells (Rigon et al., 2018).


TABLE 2A. (A) Indolamines (Serotonin) distribution in embryos or adult tunicates, cephalochordates, and echinoderms.
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Serotonin in Other Tunicates

In the larva of the tunicate Styela plicata, serotonin was detected in some cells of the brain surrounding the sole sense organ, the photolith (which is considered homologous to the two separate sense organs of other tunicate species: the ocellus and the otolith), and in the single fused adhesive papillae (De Bernardi et al., 2006). The larva of Diplosoma listenarium retains serotonin in the everted papillae and in the posterior region of the brain, while differentiating zooids display adult-like localization of serotonin in the esophagus, endostyle and the peripharyngeal band (De Bernardi et al., 2006). However, in the larva of Microcosmus vulgaris, serotonin has been detected exclusively in a few brain cells, close to the otolith (De Bernardi et al., 2006). Serotonin occurs in the larvae of Botrylloides leachi, where immunohistochemical analyses found serotonin in peripheral neurons of the papillae, suggesting that serotonin released by these neurons may act as an endogenous signal inducing metamorphosis (Pennati et al., 2007b).

Other tunicates showing positive serotonin immunostaining in the larvae are Herdmania momus and Ascidia interrupta. These have a serotonergic nervous system consisting of two parts: an anterior aggregation of cell bodies (in the case of H. momus adjoining the larval statocyte complex), and a second group of serotonergic neurons projecting posteriorly (Stach, 2005). This study also found positive serotonin immunoreactivity in the larva of Clavelina oblonga at the statocyte complex and along the dorsal epithelium (Stach, 2005).

Several other studies have sought serotonin in in diverse adult tunicates and among them positive immunoreactivity has been found in the Ascidiacea: Botryllus schlosseri (Tiozzo et al., 2009; Braun and Stach, 2016), Clavelina lepadiformis (Braun and Stach, 2016), Perophora japonica (Braun and Stach, 2016), Ascidiella scabra (Braun and Stach, 2016), Ascidia mentula (Nilsson et al., 1988), and Corella parallelogramma (Nilsson et al., 1988; Braun and Stach, 2016).

In adult thaliaceas, serotonin-positive cells have been found in Thalia democratica (Braun and Stach, 2016; Valero-Gracia et al., 2016; Braun and Stach, 2018), Pyrosoma atlanticum (Braun and Stach, 2018), Doliolum nationalis (Stach, 2005; Braun and Stach, 2018), Doliolina muelleri (Valero-Gracia et al., 2016), Pyrostremma agassizi (Braun and Stach, 2018), Pyrosomella verticillata (Valero-Gracia et al., 2016; Braun and Stach, 2018), Salpa fusiformis (Braun and Stach, 2018), Iasis cylindrica (Braun and Stach, 2018), and Ihlea punctate (Valero-Gracia et al., 2016). Concerning appendicularians, only two cells in the posterior part of the neural ganglion are positively stained in Oikopleura fusiformis (Stach, 2005). However, no serotonin-like cells have been found in Oikopleura dioica (Braun and Stach, 2016).



Cephalochordates

During lancelet development (B. floridae), serotonin has been first detected at neurula stage in the forming neural tube (Candiani et al., 2001). Later in 2/3-day old larva, it has been found in two populations of cells, one in the cerebral vesicle including frontal eye complex, and another in the inner epithelium of the gut (Figure 1B and Table 2A) (Holland and Holland, 1993; Candiani et al., 2001; Vopalensky et al., 2012). In 6-day old larvae, the rostral serotonin-positive cells differentiate into dorsal serotonergic neurons and are segmentally repeated along the spinal cord (Candiani et al., 2001). During metamorphosis and in young juveniles, serotonin progressively disappears from the anterior brain and can still be detected in the visceral area (Holland and Holland, 1993; Morikawa et al., 2001).

In adult lancelet, serotonin occurs in the roof of the cerebral vesicle, posterior to the frontal eye complex, and in the intestinal epithelium in several endocrine-like cells, functioning as a hormone in the latter (Candiani et al., 2001). Serotonergic neurons are near to but distinct from dopaminergic cells, and have highlighted that the dopaminergic and serotoninergic cells in the lancelet cerebral vesicle and the vertebrate hindbrain are distributed analogously; this distribution is proposed as an ancestral character of chordates (Moret et al., 2004).

Moreover, the distribution of the serotonergic system in lancelet has also been studied indirectly through the expression pattern of its biosynthesis enzymes: tryptophan hydroxylase (TpH, the limiting enzyme in serotonin synthesis) and a serotonin transporter (SERT), confirming previous immunohistochemical analyses (Candiani et al., 2012). A recent work also highlighted that the development of lancelet serotonergic cells is controlled by the retinoic acid signaling pathway, as per dopaminergic neurons (Zieger and Schubert, 2017; Zieger et al., 2018a).



Echinoderms

The development of the embryonic and larval nervous system in sea urchins is well-studied. An abundance of work on this topic demonstrates that these species mainly undergo neurogenesis during the late gastrula stage with the first neurons specified in the anterior extreme of the ectoderm: the anterior neuroectoderm. Until the larval stage, neurons proliferate and differentiate to a few 100 neurons forming the ‘central nervous system,’ the apical organ, the ‘peripheral nervous system’ (lateral ganglion cells and post-oral neurons), and the ciliary band neurons (Figure 1C). Serotoninergic neurons are among the first types to differentiate during early neurogenesis.

The presence of serotonin in echinoderms was first described by thin layer chromatography and fluorometric analysis in the sea urchin Paracentrotus lividus. It accretes throughout embryonic development and was found to regulates cell motility (Toneby, 1977). The first stage-specific data derive from immunolocalization experiments in the sea urchin S. purpuratus, where serotonin is localized, from late gastrula to pluteus stage, in the anterior neurogenic regions of the embryo. More specifically, at gastrula stage, serotonin is detected in 2–4 bilaterally symmetric cells in the anterior neural ectoderm, which give rise to the sensory ganglion of the late larva, the apical organ (Bisgrove and Burke, 1986). Similarly, in the sea urchin Strongylocentrotus droebachiensis, serotonin-positive cells have been detected in the apical organ from the late gastrula to the pluteus stage, together with the pan neuronal marker Synaptotagmin B (Bisgrove and Burke, 1987). This suggests that serotonin in echinoderms has a major role in neuronal communication, as in vertebrates.

Serotonin and its signaling components have also been detected in the pre-nervous embryo. Blocking the serotonergic receptors with antagonists and agonists produces embryonic malformations, as does inhibiting the serotonin transporters. These malformations appear to be serotonin-specific since the phenotype can be rescued by reverse drugs or serotonin itself. These observations suggest that serotonergic signaling also has an important role in early embryogenesis and morphogenesis (Buznikov et al., 2005).

In all echinoderms studied (with most research performed in S. purpuratus) both serotonin and tryptophan hydroxylase (the rate limiting enzyme of serotonin synthesis) are expressed specifically (i) in a population of bilaterally symmetric patches of cells in the anterior ectoderm during the early stages and (ii) in neuronal clusters in the apical organ, ciliary band and lip ganglion neurons during late larval stages (Bisgrove and Raff, 1989; Brown and Shaver, 1989; Moss et al., 1994; Chee and Byrne, 1999; Hay-Schmidt, 2000; Yaguchi et al., 2000, 2006, 2008, 2010, 2011, 2014; Yamamoto and Vernier, 2011; Beer et al., 2001; Yaguchi and Katow, 2003; Burke et al., 2006, 2014; Nakano et al., 2006; Bishop and Burke, 2007; Byrne et al., 2007; Katow et al., 2007; Katow, 2008; Materna and Cameron, 2008; Dupont et al., 2009; Wei et al., 2009, 2016; Yao et al., 2010; Bishop et al., 2013; Range et al., 2013; Garner et al., 2016; Jarvela et al., 2016; Anishchenko et al., 2018; Perillo et al., 2018; Wood et al., 2018).

In the sea urchin Hemicentrotus pulcherrimus, inhibition of serotonin synthesis reduces larval swimming (Yaguchi and Katow, 2003; Katow et al., 2007). In most echinoderms investigated, the cell bodies of the serotonergic neurons reside in the ciliary band, whereas in the echinopluteus, serotonin positive cells localize mostly in the thick epithelium of the apical organ (Byrne et al., 2007). Data are unavailable on serotonin expression in adult echinoderms, although they seem to be able to uptake and catabolize it Squires et al. (2010).



Histamine

The histamine neurotransmitter is synthetized by the histidine decarboxylase (HDC) after catalyzing the decarboxylation of histidine to histamine. It is a biogenic amine with different roles in muscle contraction, neural transmission, and regulation of gastric secretions in both invertebrates and vertebrates (Reite, 1972). In vertebrates, histamine has also a key function in the regulation of inflammatory processes (Eto et al., 2001).


Tunicates

The first evidence of the presence of histamine-like compounds was found in P. mammillata; chemical extracts from tunics, siphons, and gut of this species induce contractions of the guinea-pig ileum. This suggests that these regions contained either histamine or histamine-releasing compounds acting on histamine receptors (Costa et al., 1997). Histamine is stored inside granular hemocytes and test cells of Styela plicata (Garcia-Garcia et al., 2014; Wong et al., 2014). Interestingly, histamine injection into the tunic induces the recruitment of hemocytes that ultimately mediate the constriction of tunic hemolymph vessel (Garcia-Garcia et al., 2014); this establishes that histamine regulates inflammation and host defense in tunicates, although histamine receptors of tunic vessel constriction remain unidentified. No histamine homologous receptors has been found in the genomes of C. robusta or C. savignyi (Garcia-Garcia et al., 2014). Wong and colleagues have cloned a C. robusta histidine decarboxylase (HDC) (Wong et al., 2014). The occurrence of this enzyme was confirmed by immunohistochemical analysis in a lysate of oocytes by using a mammalian polyclonal antibody (Wong et al., 2014).



Cephalochordates

Although histamine has not been found in a lancelet, a genomic survey of the G-proteins coupled receptor family (GPCR) in B. floridae indicated several putative histamine receptors (Burman et al., 2007). However, recently HDC sequences have been found in the genome of B. lanceolatum (BL08385; Marlétaz et al., 2018) and B. floridae (XP_002597913.1) Further ad hoc studies will be necessary to determine the role of these receptors.



Echinoderms

The genome of the sea urchin S. purpuratus encodes two HDC-like genes and 3 histamine receptors (Burke et al., 2006). One of those receptors, the H1R, is expressed symmetrically on either side of the larval mouth. In the same species, histamine is detected by a specific anti-His antibody staining, at gastrula stage in the putative echinoderm immune cells, in a few cells at the apical organ and in ciliary band neurons of the late pluteus (Sutherby et al., 2012; Lutek et al., 2018). Histamine is expressed in the juvenile tube feet, where at least two opsins types are also expressed (Ullrich-Luter et al., 2011), suggesting a possible role in phototransduction (Sutherby et al., 2013). Moreover, in various sea urchin species, histamine appears to regulate larval settlement and metamorphosis (Swanson et al., 2004, 2012; Sutherby et al., 2012). In addition, histaminergic neurons were detected in the buccal tentacles, the circumoral nerve ring, and in papillae scattered across the body of juveniles and adults of the sea cucumber Leptosynapta clarki (Hoekstra et al., 2012).



DISCUSSION

In this review, we focused on the expression pattern and role of biological amines in three deuterostome groups displaying well-established animal model systems for evolutionary and developmental biology field to shed light on their function during embryogenesis and the onset of metamorphosis.

This comparative analysis, summarized in Tables 1, 2A,B and depicted in a simplified form in Figure 1, is discussed in relation to the phylogeny of these deuterostomes (tunicates, cephalochordates, and echinoderms). Chordates are characterized by a conserved body plan with a dorsal hollow neural tube, a notochord, lateral muscle, and a cephalic nervous system that expanded enormously in vertebrate chordates (Annona et al., 2015). In tunicates and cephalochordates, the typical chordate body plan features are established during early embryogenesis and maintained in the tadpole larva. Nevertheless, most tunicate species undergo a metamorphosis that induces profound morphologial modifications, while cephalochordates undergo only a partial metamorphosis in which the mouth changes its initial position from lateral to rostral (Holland and Holland, 1999). This contrasts with echinoderms: non-chordate deuterostomes that represent an ideal deuterostome outgroup for the chordate phylum that display distinct body plan organizations and developmental strategies, yet which all undergoing a dramatic metamorphosis.


TABLE 2B. (B) Indolamines: melatonin and histamine distribution in embryos or adult tunicates, cephalochordates, and echinoderms.
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The Dopamine Prominent Role in Controlling Metamorphosis of Invertebrate Deuterostomes

The evidence that dopaminergic cells occur in the tunicate sensory vesicle and cephalochordate cerebral vesicle and that dopamine occurs in cells near photoreceptor cells in both groups, suggest that a dopamine neurotransmission system predates the emergence of chordates (Moret et al., 2004, 2005; Candiani et al., 2005, 2012; Zega et al., 2010; Razy-Krajka et al., 2012; Zieger et al., 2017). Furthermore, genome duplications in the vertebrate lineage (but not basal chordates) generated multiple orthologs of the suite of protein factors necessary to synthetize, store and release dopamine; this probably facilitated most dopamine machinery genes acquiring new expression territories and additional functions (Yamamoto and Vernier, 2011).

In tunicates, dopaminergic neurons occurring at late larval stages in proximity to photoreceptor cells and in the posterior part of the sensory vesicle appear to modulate the neural network involved in age-dependent swimming behavior of the larva (Moret et al., 2005): a physiological condition necessary before metamorphosis. Similarly, in P. mammillata dopaminergic neurons likely regulate metamorphosis (Zega et al., 2005). No evidence yet exists of crosstalk between photoreceptor cells and dopaminergic neurons in sea urchin larvae or adults. The only evidence of dopamine signaling implicated in metamorphosis comes from the sand dollar D. excentricus, in which externally-provided dopamine induced metamorphosis in competent larvae (Burke, 1983).

In the sea urchin early larva, dopaminergic neurons are localized in the posterior part of the ciliary band and around the mouth. As the larva grows and the nervous system becomes increasingly complex, additional dopaminergic neurons arise in the same regions. The dopaminergic system in sea urchin larvae regulates swimming behavior (Katow et al., 2010), and initiates a phenotypic response to food availability (Yaguchi and Katow, 2003). The dopaminergic system seems to function similarly in tunicates, given that dopamine regulates swimming, making it a key neuromodulator of locomotory circuits throughout the deuterostomes.

In the lancelet (assuming that TH + neurons in larvae use dopamine) the TH system probably regulates the larval escape response as per other locomotor functions throughout the catecholaminergic system. Specifically, transmission electron microscopy and TH + expression indicate that the large pain neuron (LPN) represents a source of excitatory input, targeting the motoneurons (Zieger et al., 2017).

The modulation of locomotor circuits via dopamine appear to be ancient and conserved among both vertebrates (Ryczko and Dubuc, 2017) and invertebrates (Harris-Warrick et al., 1998), which is further supported by tunicates, sea urchins, and lancelets all retaining dopamine. However, we lack experimental data on the role of dopamine in regulating swimming behavior of lancelets or phenotypic responses to food availability in either Ciona or lancelets.



Serotonin Conserved Role in the Nervous System

In all taxa analyzed in this study, serotonergic neurons are predominantly localized in the anterior part of the organism and enable patterning of the anterior nervous system, development, and morphogenesis. In tunicates, serotonergic neurons reside mostly in the visceral ganglion of the larva with minor differences that are species-specific. In sea urchin embryos, serotonergic neurons arise from the most dorsal part of the anterior neuroectoderm (Bisgrove and Burke, 1987), whereas in lancelet embryos they are first detected at neurula stage in the developing neural tube (Candiani et al., 2001) and at the 2/3-day old larva they are localized to the anterior nerve cord.

During the development of tunicates, lancelet, and sea urchins, the expression pattern of the serotonergic pathway components expands from the anterior part of the larva to gut and muscle structures – progression that is conserved in these clades. In P. mammillata juveniles, serotonergic neurons reside in the peripharyngeal band, along the endostyle and in the gut (Pennati et al., 2001), suggesting that the peripharyngeal and gut expression pattern of serotonin could also be conserved. In the 2/3-day old lancelet larva, serotonin is also detected in gut epithelium structures, while in adult lancelet, serotoninergic neurons are detected in the digestive tract (Candiani et al., 2001). In late sea urchin larvae, serotonin is detected in neurons surrounding the mouth near the esophageal muscles (Burke et al., 2006), which correlates with C. robusta TPH expression adjoining muscle cells (Pennati et al., 2007a); this suggests that serotonin could have an ancestral role regulating muscle contraction.

Pharmacological treatment with serotonin inhibitors during C. robusta embryogenesis impairs metamorphosis and the development of the anterior nervous system (Pennati et al., 2001), whereas in P. mammillata blocking the serotonergic pathway impaired the cardiovascular system (Pennati et al., 2001, 2003; Zega et al., 2005). Similarly, serotonergic signaling inhibition during early embryogenesis in sea urchin leads to developmentally-arrested or malformed larvae (Buznikov et al., 2005); when applied after gastrulation, larvae swim less (Yaguchi and Katow, 2003; Katow et al., 2007).



Histamine Conserved Role in Immune Response in Echinoderms and Tunicates

In both echinoderms and tunicates, histamine is detected in the immune and nervous systems, suggesting that the role of histamine in regulating inflammatory processes in vertebrates is a general characteristic of deuterostomes (Eto et al., 2001). Injections of histamine in tunicates induce a rapid immune response by recruiting hemocytes (Garcia-Garcia et al., 2014). Histamine is essential for sea urchin competent larvae to settle and metamorphose; pharmacological blocking of the histamine receptors at the competent 8 arm S. purpuratus larval stage led to spontaneous settlement and metamorphosis, showing that in normal conditions histamine signaling prevents apoptosis and promotes healthy development of larvae (Swanson et al., 2004, 2012; Sutherby et al., 2012). No evidence exists that lancelets synthesize histamine, apart from putative histamine receptors reported in B. floridae (Burman et al., 2007).



CONCLUSION

Summarizing almost 60 years of research in this field exceeds the scope of this review. Our main goal has been to highlight common features and major differences in localization and function of the biological amines within deuterostomes.

Biogenic amines are ancient and, therefore, it is difficult to decipher a common role or a meaningfully conserved expression pattern, especially considering the dearth of deuterostome species for which data exist. Recently, the single cell RNA sequencing approach has been applied in C. robusta to determine the regulatory network governing the successful development of dopaminergic neurons in the central nervous system. A combination of classical embryologic approaches manipulating the expression of the ptf1 gene (considered a key factor for dopamine expression in coronet cells) together with single cell sequencing, allowed the authors of this study to demonstrate that in C. robusta the protein Meis is a key co-factor of Ptf1, necessary to specify dopaminergic neurons (Horie et al., 2018). This exemplifies the power of single cell transcriptomics approach to identify cell types and clarify their ontogeny and function (cf. Butler et al., 2018; Zeisel et al., 2018; Cao et al., 2019; Sladitschek et al., 2020), and laying the ground for future studies reconstructing the evolutionary history of the aminergic system in animals.
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