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The identification of structurally related hypothalamic hormones that regulate blood pressure and diuresis (vasopressin, VP; CYFQNCPRG-NH2) or lactation and uterine contraction (oxytocin, OT; CYIQNCPLG-NH2) was a major advance in neuroendocrinology, recognized in the award of the Nobel Prize for Chemistry in 1955. Furthermore, the discovery of central actions of VP and OT as regulators of reproductive and social behavior in humans and other mammals has broadened interest in these neuropeptides beyond physiology into psychology. VP/OT-type neuropeptides and their G-protein coupled receptors originated in a common ancestor of the Bilateria (Urbilateria), with invertebrates typically having a single VP/OT-type neuropeptide and cognate receptor. Gene/genome duplications followed by gene loss gave rise to variety in the number of VP/OT-type neuropeptides and receptors in different vertebrate lineages. Recent advances in comparative transcriptomics/genomics have enabled discovery of VP/OT-type neuropeptides in an ever-growing diversity of invertebrate taxa, providing new opportunities to gain insights into the evolution of VP/OT-type neuropeptide function in the Bilateria. Here we review the comparative physiology of VP/OT-type neuropeptides in invertebrates, with roles in regulation of reproduction, feeding, and water/salt homeostasis emerging as common themes. For example, we highlight recent reports of roles in regulation of oocyte maturation in the sea-squirt Ciona intestinalis, extraoral feeding behavior in the starfish Asterias rubens and energy status and dessication resistance in ants. Thus, VP/OT-type neuropeptides are pleiotropic regulators of physiological processes, with evolutionarily conserved roles that can be traced back to Urbilateria. To gain a deeper understanding of the evolution of VP/OT-type neuropeptide function it may be necessary to not only determine the actions of the peptides but also to characterize the transcriptomic/proteomic/metabolomic profiles of cells expressing VP/OT-type precursors and/or VP/OT-type receptors within the framework of anatomically and functionally identified neuronal networks. Furthermore, investigation of VP/OT-type neuropeptide function in a wider range of invertebrate species is now needed if we are to determine how and when this ancient signaling system was recruited to regulate diverse physiological and behavioral processes in different branches of animal phylogeny and in contrasting environmental contexts.
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INTRODUCTION


The Discovery and Functional Characterization of Vasopressin/Oxytocin-Type Neuropeptide Signaling in Mammals

The importance of the structural characterization of the pituitary neurohormones vasopressin (VP) and oxytocin (OT) was recognized in the award of the 1955 Nobel Prize for chemistry to Vincent du Vigneaud. This was the culmination of a programme of research dating back to 1895, when Oliver and Schafer reported that a substance in extracts of the pituitary gland elevates blood pressure when injected intravenously into dogs (1). It was established later that this vasopressor originates from the posterior pituitary or neurohypophysis (2). Dale then reported that a neurohypophysial substance triggers uterine contraction (3, 4) and other bioactivities of pituitary extracts were discovered, including stimulation of lactation (5, 6) and antidiuresis (7). Purification of these bioactive components of pituitary gland extracts revealed that the vasopressor and antidiuretic activity could be attributed to one substance (VP) and the uterotonic and lactation-promoting activity could be attributed to another substance (OT) (8). In the 1950s the amino acid sequences and secondary structures of VP (9–11) and OT (12, 13) were determined and both peptides were chemically synthesized (14, 15). This revealed that VP (CYFQNCPRG-NH2) and OT (CYIQNCPLG-NH2) are structurally very similar, with only two amino acids differing, indicative of a common evolutionary origin. Furthermore, both peptides have a disulphide bridge between the cysteine residues at positions one and six, which is a conserved feature of all VP/OT-type peptides that have been identified subsequently (Table 1).


Table 1. Amino acid sequences of vasopressin/oxytocin-type neuropeptides in species that belong to a variety of bilaterian phyla/sub-phyla.
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OT and VP are derived from precursor proteins that contain the cysteine-rich proteins neurophysin-I and neurophysin-II, respectively. Neurophysins bind OT or VP and are required for normal targeting of these neuropeptides to the regulated secretory pathway (16). Three G-protein coupled receptors (GPCRs) mediate the effects of VP (V1aR, V1bR, V2R) and a single GPCR mediates the effects of OT (OTR) (17). Consistent with the actions of OT as a regulator of lactation and uterine tone, OTR is expressed in the mammary glands and uterus, respectively. Consistent with the actions of VP as a vasopressor and antidiuretic, V1aR is expressed in vascular smooth muscle and V2R is expressed in the kidney. However, all four receptors are also expressed in other tissues/organs and perhaps most notably OTR, V1aR, and V1bR are widely expressed in the brain (18). Investigation of the functional significance of VP/OT-type receptor expression in the brain has revealed that VP/OT-type signaling regulates reproductive and social behavior in humans and other mammals (19), discoveries that have broadened interest in VP/OT-type neuropeptides beyond physiology into psychology.

Whilst VP and OT are now perhaps best known for their roles in regulation of reproductive and social behavior, other brain-associated actions in mammals have also been discovered; for example, intracerebroventricular injection of OT inhibits food and fluid intake in rats (20). Thus, as with other neuropeptides, both VP and OT are pleiotropic in their actions and our understanding of their physiological roles in mammals requires an integrative physiological and behavioral perspective, as discussed recently by Leng and Russell (21). Furthermore, to understand not only what VP and OT do in mammals but also why they do what they do, an evolutionary and comparative perspective is needed. Accordingly, there is a rich history of research on VP/OT-type signaling in non-mammalian vertebrates. This has been reviewed extensively elsewhere but a brief overview is presented below to serve as a prelude to the main theme of this review, which focuses on research investigating the physiological roles of VP/OT-type neuropeptides in invertebrates.



Evolution and Comparative Physiology of VP/OT-Type Neuropeptide Signaling in Non-mammalian Vertebrates

Analysis of genome sequence data from non-mammalian vertebrates has enabled reconstruction of the evolutionary history of VP/OT-type signaling in the vertebrate lineage. The most primitive extant vertebrates are the jawless fish (lampreys, hagfish; Agnatha) and analysis of the genome sequence of the lamprey Lethenteron japonicum revealed that it has a single gene encoding a VP/OT-type neuropeptide (“vasotocin;” CYIQNCPRG-NH2) (22) (Table 1). This contrasts with jawed vertebrates (gnathostomes) that typically have two genes encoding VP/OT-type neuropeptides—one that is an ortholog of the mammalian VP gene and another that is an ortholog of the mammalian OT gene. Thus, it has been inferred that the VP-type and OT-type genes originated by tandem duplication of a single VP/OT-type gene in a common ancestor of the gnathostomes (22). Furthermore, this was preceded in a common ancestor of the vertebrates by a gene duplication that gave rise to two genes encoding VP/OT-type receptors. Then two rounds of whole-genome duplication during early vertebrate evolution gave rise to eight genes encoding VP/OT-type receptors, with subsequent lineage-specific gene loss and additional gene/genome duplication events resulting in the variable numbers of VP/OT-type precursor genes and VP/OT-type receptor genes that are found in extant vertebrates (23, 24).

Prior to the genome-sequencing era, a variety of VP/OT-type neuropeptides were identified in non-mammalian vertebrates. With the benefit of hindsight, the nomenclature that was chosen for VP/OT-type neuropeptides in non-mammalian vertebrates is potentially confusing. For example, the name “vasotocin” was given to peptides that are orthologs of VP and the names “mesotocin” and “isotocin” were given to peptides that are orthologs of OT (25). Nevertheless, the discovery of these peptides in non-mammalian vertebrates was very important because it enabled analysis of their physiological roles. For example, in teleost fish vasotocin has been found to have VP-like roles in osmoregulation and cardiovascular physiology as well as OT-like roles in regulation of reproduction (26). Furthermore, central administration of isotocin in goldfish inhibits food intake (27), consistent with the anorexigenic effect of OT in mammals (20). However, a detailed review of the physiological roles of VP/OT-type neuropeptides in non-mammalian vertebrates is beyond the scope of this article, and for this topic we refer readers to other reviews (25, 28–30).



Discovery of VP/OT-Type Neuropeptide Signaling in Invertebrates

Immunocytochemical evidence that VP-like neuropeptides occur in invertebrates was first reported in the late 1970s. Thus, two cells immunoreactive with antibodies to VP and to neurophysin II were identified in the suboesophageal ganglion of the locust Locusta migratoria (31). Subsequently, a VP-like peptide (CLITNCPRG-NH2) was purified from extracts of L. migratoria suboesophageal ganglia and, interestingly, both a monomeric peptide (F1) and an anti-parallel dimer of the F1 peptide (F2) were identified (32) (Table 1). In parallel with research on insects, the existence of VP-like substances in molluscan species was also reported (33, 34). Then in 1987, VP-like peptides named Lys-conopressin G (CFIRNCPKG-NH2) and Arg-conopressin S (CIIRNCPRG-NH2) were purified from the venom of the cone snails Conus geographus and Conus striatus, respectively, and sequenced (35) (Table 1). Thus, the discovery of VP-like peptides in both insect and molluscan species in 1987 provided the first definitive molecular evidence of the occurrence of VP/OT-type peptides in invertebrates, demonstrating the evolutionary antiquity of this neuropeptide family. Accordingly, the presence of VP-like immunoreactivity in insects, molluscs and a variety of other invertebrates was reported the following year (36).

A VP-like peptide identical in structure to Lys-conopressin G was purified from extracts of the pond snail Lymnaea stagnalis (Table 1) and, importantly, cloning and sequencing of the gene encoding the precursor of this peptide revealed evolutionary conservation of protein structure. Thus, as in vertebrate VP/OT-type precursors, the neuropeptide is located immediately after an N-terminal signal peptide and the C-terminal region of the precursor comprises a neurophysin domain (37). Furthermore, a G-protein coupled receptor that shares sequence similarity with vertebrate VP/OT-type receptors and that mediates the effects of Lys-conopressin in L. stagnalis was identified, revealing evolutionary conservation of an ancient neuropeptide-receptor signaling pathway (38).

The first genome sequence of an animal species was reported in 1998 with the sequencing of the genome of the nematode Caenorhabditis elegans (39) and subsequently genes encoding the VP/OT-type neuropeptide nematocin and two cognate receptors were identified in this species (40–42). Likewise, as the genomes and/or transcriptomes of many other invertebrate species have been sequenced over the last two decades, genes/transcripts encoding VP/OT-type precursors and receptors have been identified in an ever-increasing variety of invertebrate taxa, as discussed in more detail below. It is in this context that here we go on to discuss in detail what is known about the occurrence, characteristics and physiological roles of VP/OT-type signaling in invertebrate taxa. In doing so, we build upon, complement, extend and update several related review articles that have been published previously (30, 43–47).




COMPARATIVE PHYSIOLOGY OF VP/OT-TYPE NEUROPEPTIDE SIGNALING IN INVERTEBRATES

As a framework for investigation of the comparative physiology of VP/OT-type neuropeptide signaling, it is necessary to briefly introduce bilaterian phylogeny. The Bilateria comprise two major clades—the protostomes and deuterostomes. The protostomes are further sub-divided into the Ecdysozoa (e.g., arthropods, nematodes) and the Spiralia (e.g., molluscs, annelids), whilst the deuterostomes comprise vertebrates, invertebrate chordates (urochordates, cephalochordates), hemichordates and echinoderms (48) (Figure 1). In discussing the comparative physiology of VP/OT-type neuropeptide signaling below, we have arbitrarily elected to start with the ecdysozoans because it was in an insect species, the locust L. migratoria, that the first invertebrate insights into VP/OT-type neuropeptide structure and function were obtained (32, 49). We then progress to the spiralian protostomes before moving on to the invertebrate deuterostomes, which are of particular interest because of their close relationship with vertebrates. We discuss the phylum Xenacoelomorpha last because the phylogenetic position of this phylum is controversial, as discussed in more detail below.
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FIGURE 1. Phylogenetic tree showing relationships of selected bilaterian phyla and sub-phyla discussed in this review. The Bilateria comprise two main clades: The protostomes, which include ecdysozoan phyla—Arthropoda (e.g., locust Locusta migratoria and fruit fly Drosophila melanogaster) and Nematoda (e.g., Caenorhabditis elegans)—and spiralian phyla—Mollusca (e.g., pond snail Lymnaea stagnalis and sea slug Aplysia californica) and Annelida (e.g., earthworm Eisenia fetida and ragworm Platynereis dumerilii). The deuterostomes, which include three chordate sub-phyla—Vertebrata (e.g., Homo sapiens), Urochordata (e.g., sea-squirt Ciona intestinalis) and Cephalochordata (e.g., lancelet Branchiostoma floridae)—and the xenambulacrarian phyla—Hemichordata (e.g., acorn worm Saccoglossus kowalevskii), Echinodermata (e.g., starfish Asterias rubens), and Xenacoelomorpha (e.g., Xenoturbella bocki). The branch lengths in the tree are arbitrary.



Ecdysozoa


Arthropoda

The purification and sequencing of a VP/OT-type neuropeptide from extracts of the suboesophageal ganglion of the locust L. migratoria provided definitive molecular evidence that this neuropeptide type exists in invertebrates (32). Subsequently, VP/OT-type neuropeptides have been identified in many other insects and the G-protein coupled receptors that mediate the effects of these peptides have been identified and pharmacologically characterized. Interestingly, however, VP/OT-type neuropeptide signaling has been lost in some insect lineages, including the model insect species Drosophila melanogaster (50).

Analysis of the distribution of VP-like immunoreactivity in the locust L. migratoria revealed a pair of immunostained neuronal cell bodies in the suboesophageal ganglion (31). Furthermore, use of radioimmunoassay methods revealed the presence of VP-like immunoreactivity in other regions of the locust body, including the brain, thoracic ganglia, abdominal ganglia, rectum, Malpighian tubules and hemolymph (51). Subsequently, a detailed analysis of the anatomy of the VP-like immunoreactive (VPLI) neurons of L. migratoria, combining use of immunohistochemistry with Lucifer Yellow or cobalt staining, revealed the processes of these neurons in the brain (optic lobe), suboesophageal ganglion, thoracic ganglia and abdominal ganglia (52). Furthermore, comparative analysis of 16 other grasshopper species revealed that the occurrence of a pair of VPLI neurons in the suboesophageal ganglion is a conserved feature of this family of insects, but with differences in the anatomy of their arborisations (53).

Insights into the potential physiological roles of the VP-type neuropeptide in locusts were first obtained with the discovery that injection of crude or purified extracts of suboesophageal ganglia causes a dose-dependent increase in the rate of dye excretion by Malpighian tubules in vivo. However, injection of mammalian VP had no effect on dye excretion in locusts and so it was unclear if the effect of ganglion extracts could be attributed to a VP-type peptide (54). With the isolation, sequencing and synthesis of the locust VP-type peptides F1 (monomeric peptide) and F2 (anti-parallel homodimer) (32, 49), it became possible to test the effects of these peptides on fluid secretion by Malpighian tubules in vitro. Interestingly, F1 was found to have no effect on urine production, whereas the anti-parallel dimer F2 appeared to have a stimulatory effect on diuresis (32). Subsequently, F1, F2 and a parallel dimer of F1 (PMd) were tested on in vitro preparations of Malpighian tubules from L. migratoria but none of the peptides affected fluid secretion (55). Thus, the proposed physiological role of a VP-type peptide as a diuretic hormone in locusts remained unproven.

With respect to a potential role in regulation of diuresis, investigation of the electrophysiological properties of the pair of VPLI neurons that synthesize the VP-type neuropeptide in L. migratoria revealed that the activity of these neurons is not affected by the osmolality of perfusion salines. However, spiking activity of the neurons was found to be inversely related to light intensity, with the neurons receiving input from a pair of brain descending interneurons that form part of an extra-occular photoreceptor system (56). Further characterization of the VPLI neurons revealed that cholinergic inputs maintain the spiking activity of these neurons in the dark via both muscarinic and nicotinic acetylcholine receptors (57). Furthermore, stimulation of VPLI neuron activity was found to cause a reduction in cAMP levels in the locust brain. Biochemical analysis of isolated VPLI neurons revealed that they contain F1 and both the anti-parallel (F2) and parallel (PDm) dimers of F1, but only F1 was found to inhibit a forskolin-stimulated increase in cAMP in isolated locust neural membranes (58). In conclusion, over a period of almost two decades from the 1970s to the 1990s detailed insights into the biochemistry, anatomy, and physiology of VP-type peptides produced by the pair of VPLI neurons in the suboesophageal ganglion of the locust L. migratoria were obtained. More recently, a partial sequence of the gene encoding the VP-type peptide in L. migratoria has been reported (59). Further characterization of this gene would facilitate use of gene knockdown/knockout techniques to gain new insights into the physiological roles of VP-type signaling in locusts.

Sequencing of the D. melanogaster genome (60) revealed that VP/OT-type signaling has been lost in this species (50), which precluded its use as a model for functional studies on this neuropeptide signaling system. Likewise, genome sequencing revealed loss of VP/OT-type signaling in other insect species, including the mosquito Anopheles gambiae and the honey bee Apis mellifera (50). However, sequencing of the genome of the red flour beetle Tribolium casteneum revealed the existence of a gene encoding a VP/OT-type peptide precursor in an insect species (61–63). Furthermore, the T. casteneum VP/OT-type neuropeptide (Table 1) was named “inotocin” and its receptor was identified and characterized pharmacologically (50). Analysis of the expression of the genes encoding inotocin and its cognate receptor using qPCR revealed that in adult animals the expression level of both genes is highest in the head, but with receptor expression also detected in hind gut/Malpighian tubules. Interestingly, a developmental analysis revealed that expression of both genes is highest during the larval stage soon after hatching (50), which may indicate that VP/OT-type signaling is physiologically more important at this stage of development than in adults. Molecular and pharmacological characterization of the VP/OT-type signaling system in T. castenuem was also reported by Aikins et al. showing that the monomeric VP-type peptide (F1) is more potent as a ligand for the receptor than anti-parallel (F2) and parallel (D2) dimers of F1 (64). Consistent with previous findings from locusts, immunocytochemical analysis revealed expression of the VP-type peptide in a pair of neurons located in the suboesophageal ganglion of T. castenuem, with processes projecting anteriorly into the brain and posteriorly into the thoracic and abdominal ganglia of the ventral nerve cord. Furthermore, investigation of the physiological roles of VP/OT-type signaling in T. castenuem revealed that the monomeric F1 peptide stimulates diuresis in this species (64). However, neither the monomeric peptide (F1) nor dimers of F1 (F2, D2) stimulated fluid secretion when tested on in vitro preparations of Malpighian tubules from the another beetle species, Tenebrio molitor, consistent with previous findings from locusts (55). Interestingly, F1-stimulated fluid secretion was observed when Malpighian tubules were co-incubated with the central nervous system (including neurohormone secreting glands—the corpora cardiaca and corpora allata). Therefore, the authors concluded that the VP-type peptide stimulates diuresis in beetles not by acting directly on the Malpighian tubules but by stimulating the release of a diuretic substance from neural/neurohemal tissues (64), a mechanism of action that may also apply to other insects.

Most recently, advances in our knowledge of the physiological/behavioral roles of VP-type signaling in insects have been obtained through experimental studies on ants. Analysis of genome sequence data enabled identification of genes encoding a VP-type (inotocin) precursor in three ant species—Atta cephalotes (leaf-cutter ant), Camponotus floridanus (carpenter ant) and Harpegnathos saltator (Indian jumping ant) (65) (Table 1). Pharmacological characterization of a VP-type receptor in the black garden ant Lasius niger revealed that inotocin is a potent ligand for this receptor, with an EC50 of 22 pM. Furthermore, it was discovered that an analog of L. niger inotocin (Table 1) containing a D-isomer of arginine at position 8 ([D-arg8]-inotocin) acts as a potent and selective antagonist of the human V1A receptor, providing a basis for translation of research on VP-type signaling in insects into potential clinical applications (66).

To gain insights into the physiological/behavioral roles of inotocin signaling in L. niger, inotocin receptor expression in the head of queen ants was measured. This revealed that expression levels were highest early in queen life when they experience crowded conditions in their mother nests before leaving to mate (67). Subsequently, a more detailed examination of the expression and physiological/behavioral roles of inotocin was reported, using the ant species Lasius neglectus as a model system (68) (Table 1). As reported previously in locusts (see above), inotocin expression was revealed in a pair of neurons in the suboesophageal ganglion. In addition, a detailed analysis of the expression levels of the inotocin precursor gene and the inotocin receptor gene in different developmental stages, castes and tissues/organs was reported. Furthermore, it was discovered that expression levels of both the inotocin precursor gene and the inotocin receptor gene are two-three fold higher in the summer than in the winter. Because feeding activity of ants is highest in the summer, the authors also examined gene expression with respect to feeding status and discovered that expression of the inotocin precursor gene is down regulated after a two-day starvation period. Knockdown of inotocin precursor gene expression using RNAi revealed changes in the expression of ~100 other genes, many of which were found to be associated with fat, protein and DNA metabolism. Furthermore, behavioral analysis of ants in which inotocin precursor gene expression had been knocked-down revealed increased locomotor activity and increased self-grooming in the brood chamber. Based on these findings, the authors concluded that inotocin signaling is important for regulation of energy status in association with locomotion and appetite in Lasius neglectus (68).

Complementary to Gruber and colleagues' detailed analysis of inotocin signaling in ant species of the genus Lasius, Koto et al. recently reported functional characterization of inotocin signaling in ant species of the genus Camponotus (69). The expression levels of the inotocin precursor gene and the inotocin receptor gene in different body parts were compared between mated queens, virgin queens, males, and workers with, for example, significantly higher levels of abdominal receptor gene expression detected in workers than in other castes. Furthermore, whole-body expression of both the precursor gene and the receptor gene were found to be upregulated as workers age and switch tasks from nursing to foraging. More specifically, inotocin precursor expression positively correlated with the overall level of activity, but not with time spent at food sources or in the nest. Consistent with previously reported findings from other insect species, immunohistochemical analysis revealed that inotocin is expressed in a pair of neurons in the suboesophageal ganglion. Furthermore, a cluster of inotocin-expressing neurons was also revealed in the protocerebrum of the brain. Analysis of inotocin receptor expression revealed high levels of transcript abundance in the fat body and use of mRNA in situ hybridization showed that these transcripts are specifically located in oenocytes, cells that are implicated in fatty acid and hydrocarbon metabolism. Experimental studies on D. melanogaster indicate that oenocytes produce cuticular hydrocarbons (CHCs) that are required for dessication resistance and pheromonal communication (70). Furthermore, the final step in CHC biosynthesis is catalyzed by the enzyme CYP4G1, which is expressed in Camponotus oenocytes. Therefore, inotocin signaling was investigated as a potential regulator of CYP4G1 and CHC biosynthesis in this species. Down-regulation of inotocin receptor expression was found to cause a reduction in CYP4G1 expression and accordingly injection of inotocin receptor antagonists also caused a reduction in CYP4G1 expression. Furthermore, injection of an inotocin receptor antagonist caused a reduction in hydrocarbon (alkane) synthesis and dessication resistance. Collectively, these findings led the authors to propose that when Camponotus worker ants start foraging, where there is an increased risk of dessication, inotocin signaling acts to stimulate synthesis of protective CHCs. In this context it is interesting that knockdown of inotocin expression in L. neglectus causes increased locomotor activity (68). Thus, inotocin signaling may act at a physiological level to stimulate synthesis of protective CHCs (Camponotus) and at a behavioral level to inhibit locomotor activity (L. neglectus) as integrated adaptive mechanisms to minimize dessication. These findings are of interest with respect to the anti-diuretic action of VP in mammals because they are suggestive of an evolutionarily ancient role of VP/OT-type signaling as a regulator of water homeostasis. What remains to be understood is the evolutionary/functional relationship between the water-preserving action of inotocin signaling in ants and the diuretic action of VP-type signaling in locusts and beetles (see above). To address this issue, experimental analysis of inotocin signaling in a wider range of insect species is now needed. Opportunities to do this have been afforded by sequencing of the transcriptomes/genomes of over 200 insect species and identification of genes encoding the inotocin precursor and/or inotocin receptor in these species. It should be noted, however, that VP/OT-type signaling has been lost in several insect lineages (71).

Currently, relatively little is known about VP/OT-type signaling in other arthropods. However, genes encoding VP/OT-type precursors and receptors have been identified in several non-insect arthropod taxa, including crustaceans, myriapods (millipedes and centipedes; e.g., Strigamia maritima) and chelicerates (scorpions, horseshoe crabs and mites; e.g., Sarcoptes scabiei, but with loss of this signaling system in spiders) (71) (Table 1). Furthermore, in several crustacean species the expression of these genes has been investigated in a functional context, as discussed below.

The stomatogastric nervous system, which controls feeding/digestion-associated processes in crustaceans, has been used as a model “simple” system in neurobiology to investigate how rhythmic motor-output is generated by a small neuronal network. Furthermore, neuropeptides have been identified that cause changes in motor output by altering synaptic connectivity within neural circuits (72). Expression of a VP/OT-type receptor has been detected in the stomatogastric ganglion of the crab Cancer borealis (73, 74) but the effects of the C. borealis VP/OT-type neuropeptide CFITNCPPG-NH2 (Table 1) on the stomatogastric system have yet to be investigated.

A cDNA encoding the precursor of the VP/OT-type peptide CFITNCPPG-NH2 in the blue swimming crab Portunus pelagicus (Table 1) has been sequenced and analysis of the expression of this precursor revealed transcripts in the eyestalk, brain, ventral nerve cord (VNC), intestine, gill and ovary. More specifically, transcripts were detected in oocytes and the VP/OT-type peptide in this species caused inhibition of steroid release from the ovary (75).

Expression of a VP/OT-type neuropeptide precursor in the shore crab Carcinus maenas has been examined in the context of ecdysis, which is regulated by release of ecdysteroid molting hormones from the endocrine Y-organs. Changes in Y-organ expression of the VP/OT-type neuropeptide precursor transcripts were detected over the molt cycle, but no changes in VP/OT-type receptor expression were observed (76).

Further studies are now needed to gain more detailed insights into the roles of VP/OT-type signaling in regulation of physiological processes in crabs and other crustaceans, with the potential for applicability in aquaculture of economically important species.



Nematoda

Phylogenomic analysis of the sequences of VP/OT-type precursor proteins facilitated identification of a gene encoding the VP/OT-type peptide “nematocin” in the nematode C. elegans (40). Subsequently, mass spectrometric analysis of extracts of C. elegans revealed that, by comparison with the majority of VP/OT-type neuropeptides in other taxa, nematocin has an unusual structure—CFLNSCPYRRY-NH2 (Table 1). Thus, in common with other VP/OT-type peptides it has a disulphide bridge between the cysteines and a C-terminal amide group, but it is a C-terminally extended 11-residue peptide. There are two nematocin receptors in C. elegans, NTR-1 and NTR-2. Nematocin causes a dose-dependent increase in intracellular Ca2+ and cAMP in cells transfected with NTR-1 but not in cells transfected with NTR-2. However, in cells transfected with both NTR-1 and NTR-2 nematocin causes a decrease in cAMP levels. Therefore, nematocin may activate alternative signaling pathways in C. elegans depending on whether NTR-1 is expressed alone or is co-expressed with NTR-2 (41, 42).

Analysis of the expression of nematocin in C. elegans revealed that in both sexes it is expressed in the AFD thermosensory neurons (which mediate thermotaxis), the DVA mechanosensory neuron (which regulates locomotion and posture), neurosecretory NSM cells, AVK interneurons and the pharyngeal neuron M5. Furthermore, in males nematocin is expressed in male-specific CP motor neurons that control turning behavior during mating. Analysis of the expression of the nematocin receptor genes revealed that in both sexes ntr-1 and ntr-2 are expressed in partially overlapping populations of head and tail neurons. For example, ntr-1 is expressed in the left ASE (ASEL) gustatory neuron, the chemosensory neurons ASH and ADF and the PQR tail neuron. Furthermore, in males ntr-1 and ntr-2 are expressed in neurons and muscles that control and enable mating behavior. Thus, ntr-1 is expressed in hook and tail sensory neurons that sense the vulva and hermaphrodite contact and in spicule protractor muscles that are involved in sperm transfer, whereas ntr-2 is expressed in sensory-motor tail neurons that induce spicule penetration and muscle contraction for sperm transfer and in oblique muscles that promote prolonged vulval contact (41, 42). Informed by the patterns of expression of nematocin and its two receptors, the physiological roles of nematocin signaling in gustatory processes and male mating behavior were investigated.

With respect to gustation, C. elegans is normally attracted to low salt concentrations as an indicator of food availability. However, if wild-type worms experience low salt concentrations in the absence of food then they exhibit a change in behavior, showing reduced attraction to or even aversion to salt at low concentrations. Interestingly, this change in behavior was found to be impaired in worms with loss of function mutations in the genes encoding nematocin or NTR-1. Therefore, it was concluded that nematocin signaling is required for normal gustatory associative learning in C. elegans (41).

With respect to male mating behavior, if wild-type animals are placed in an arena with food and mating partners, they usually attempt to mate with the first hermaphrodite that they make contact with. First they make one or two turns around the body of the mating partner to locate the vulva and then sperm are usually transferred successfully within 5 min. In contrast, males with a mutated nematocin gene only attempted to mate after contact with several hermaphrodites and made more turns around the hermaphrodite before locating the vulva. In addition, the mutants were defective in turning behavior, maintenance of vulval contact and transfer of sperm. More specifically, deletion of nematocin expression in the DVA mechanosensory neuron was found to cause defects in the initial contact response and efficiency in locating the vulva, but turning behavior was not affected. Furthermore, generation of mutants lacking functional nematocin receptors revealed that NTR-1 and NTR-2 have overlapping roles in mediating the effects of nematocin as a regulator of mating behavior in C. elegans. Thus, nematocin signaling appears to increase the effectiveness of neural circuits in generating a sequence of behaviors that result in successful sperm transfer. Furthermore, it is proposed that nematocin signaling primes “neurons in a variety of local circuits to generate a neuroethological ‘appetitive’ function in mating” (42).

Male C. elegans also exhibit what is referred to as long-term mate search behavior, where animals will leave a bacterial food source if hermaphrodite mating partners are not also present. Interestingly, animals with mutations in genes encoding nematocin and its receptors exhibited deficiencies in this leaving behavior, providing further evidence of the importance of nematocin signaling for reproduction-associated behavior in C. elegans (42). The presence of larval progeny also increases the occurrence of adult C. elegans leaving a food source and this appears to be triggered by larval release of pheromones. Interestingly, worms with mutations in the nematocin or ntr-1 genes exhibit reduced progeny-induced food-leaving behavior, indicating that nematocin is an important regulator of this behavior. This finding is interesting because it provides evidence of an evolutionarily ancient role of VP/OT-type neuropeptide signaling in parental-offspring social behavior (77).

Although research on VP/OT-type neuropeptide signaling in nematodes has primarily focused on C. elegans as a model system, it is of importance to also consider the occurrence of this signaling system in other nematodes and in particular parasitic species. Interestingly, phylogenetic analyses based on analysis of genome sequence data indicate that VP/OT-type signaling has been lost in Brugia malayi, which causes lymphatic filariasis in humans, Ascaris suum, an intestinal parasite in pigs, and Trichinella spiralis, which causes trichinosis in humans. It has been noted that these three species all lack a free-living larval stage outside the vector or host and therefore loss of VP/OT-type signaling may be reflective of this (45).



Other Ecdysozoans

Analysis of genome sequence data has enabled identification of genes encoding VP/OT-type precursors in the tardigrades (water bears) Hypsibius dujardini and Ramazzottius variernatus. In both species the neuropeptide derived from the precursor protein has the predicted sequence CFVTNCPPG-NH2 (Table 1). Furthermore, both species have two genes encoding VP/OT-type receptors (78). However, nothing is known about the physiological roles of VP/OT-type signaling in tardigrades. These animals are well-known for their remarkable ability to survive extreme environmental conditions, including desiccation, high and low temperature and pressure, and exposure to radiation (79). In the context of the recent report of a proposed physiological role of VP/OT-type signaling in dessication resistance in ants (69), it would be interesting to determine if VP/OT-type signaling has a similar role in tardigrades. Another ecdysozoan species in which genes encoding VP/OT-type precursors/receptors have been identified is the penis worm Priapulus caudatus (phylum Priapulida) (47). However, as with tardigrades, nothing is known yet about the expression and function of these genes in this species.




Spiralia


Mollusca

Use of antibodies to VP/OT-type peptides provided early evidence that this neuropeptide family occurs in molluscs. For example, use of immunohistochemical methods enabled identification of neurons that contain VP/OT-like peptides in the pond snail L. stagnalis (34) and use of radioimmunoassays and high performance liquid chromatography enabled detection of a VP-like immunoreactive peptide in extracts of ganglia from the sea slug Aplysia californica (33) and other gastropod species (80). However, it was not until 1987 that the molecular structure of molluscan VP/OT-type peptides was determined with the purification and sequencing of Lys-conopressin G and Arg-conopressin S from venom of the cone snails Conus geographus and Conus striatus, respectively (35).

Molecular characterization of VP/OT-type neuropeptide signaling in L. stagnalis was accomplished by purification of the peptide CFIRNCPKG-NH2 (Table 1) from neural ganglion extracts, cloning and sequencing of a cDNA and gene encoding this peptide and identification of the receptor that mediates its effects (37, 81, 82). Mapping of the expression of the VP/OT-type precursor in L. stagnalis revealed expression in neurons located in the anterior lobes of the cerebral ganglion in a position consistent with neurons that project into the penis nerve to innervate the penis complex and vas deferens. Accordingly, immunohistochemical analysis using antibodies to the VP/OT-type neuropeptide associated protein neurophysin revealed immunostained fibers in the penis nerve and vas deferens. Consistent with this pattern of expression, the Lymnaea VP/OT-type neuropeptide induces membrane depolarisation and rhythmic spiking of muscle cells isolated from the vas deferens (38) and triggers rhythmic contractions of in vitro preparations of the vas deferens (37). These findings indicate that VP/OT-type neuropeptide signaling has a physiological role in control of ejaculation in L. stagnalis. Interestingly, neurophysin-immunoreactivity was also observed in close proximity to the axons of neuroendocrine caudodorsal cells (CDC) in the cerebral ganglia, which release egg-laying peptides and control egg production and associated female reproductive behavior in L. stagnalis. Accordingly, in vitro electrophysiology experiments revealed that the Lymnaea VP/OT-type neuropeptide causes inhibition of CDCs by causing membrane hyperpolarisation and a reduction in spiking frequency (37). Collectively, these findings are of interest in the context of the simultaneous hermaphroditic mode of reproduction in L. stagnalis (83), indicating that VP/OT-type signaling in this species acts to promote male-type reproductive behavior whilst inhibiting female-type reproductive behavior. Furthermore, these findings provided some of the first evidence that VP/OT-type neuropeptides are evolutionarily ancient regulators of reproductive physiology and behavior in the Bilateria. However, VP/OT-type neuropeptide signaling is not solely involved in regulation of reproductive physiology and behavior in L. stagnalis. Thus, analysis of the expression of the VP/OT-type receptor in this species revealed that it is also present in the neuroendocrine light green cells and the Lymnaea VP/OT-type neuropeptide triggers depolarisation and spiking of these cells. Because the light green cells secrete insulin-related peptides that control somatic growth and metabolism in L. stagnalis, it was concluded that VP/OT-type signaling, in addition to reproductive functions, is also involved in regulation of metabolic processes in this gastropod mollusc (38).

The physiological roles of VP/OT-type neuropeptide signaling have also been investigated in detail in another gastropod—the sea slug A. californica. Immunohistochemical analysis of the central nervous system of this species revealed that VP-like immunoreactivity is restricted to a single neuron in the abdominal ganglion and two small neurons located bilaterally in each pedal ganglion (84). The abdominal ganglion contains neurons that control the gill-withdrawal reflex in A. californica and in vitro pharmacological studies revealed that VP/OT-type neuropeptides modulate the electrophysiological activity of identified neurons in the abdominal ganglia. For example, VP/OT-type neuropeptides decrease the spiking frequency of the gill motor neuron L7 and accordingly inhibit the gill-withdrawal reflex (33, 85–87). Furthermore, a more recent study has revealed that whilst the molluscan VP/OT-type neuropeptide conopressin-G inhibits gill motor neuron activity and gill withdrawal, it also increases the frequency of spontaneous gill movements. Interestingly, this combination of effects resembles activities associated with a food-aroused state in intact A. californica (85). Another reported effect of VP/OT-type neuropeptides on A. californica is to increase the spiking frequency of the R15 neuron (33). This neuron activates respiratory pumping and peristaltic movements of the large hermaphroditic duct during egg-laying behavior (88, 89) Thus, there is indirect evidence that VP/OT-type signaling may regulate reproductive processes in A. californica, although further studies are needed to specifically investigate this potential role.

VP/OT-type neuropeptide signaling has also been characterized in cephalopod molluscs, with identification of the peptide “cephalotocin” (CYFRNCPIG-NH2) in Octopus vulgaris being an important first advance (90) (Table 1). Subsequently, a second VP/OT-type peptide (“octopressin”; CFWTSCPIG-NH2) was identified in this species (91) (Table 1) and the genes encoding these peptides were sequenced (92). Interestingly both genes comprise single protein-coding exons, which contrasts with VP/OT-type genes in other taxa that comprise three protein-coding exons (92). The occurrence of two VP/OT-type genes/peptides in O. vulgaris and in other cephalopods (see below) is atypical of invertebrate species, which typically have a single VP/OT-type gene/peptide. Therefore, clade-specific gene duplication gave rise to the occurrence of two VP/OT-type genes in the cephalopod lineage, paralleling the evolution of VP and OT in the vertebrate lineage. Furthermore, two receptors that mediate effects of cephalotocin (CTR-1, CTR-2) and one receptor that mediates the effects of octopressin (OPR) have been identified in O. vulgaris (93, 94).

Analysis of the expression of the octopressin gene in O. vulgaris revealed that it is expressed in many lobes of the supraoesophageal and suboesophageal brains and in the buccal and gastric ganglia (91). Accordingly, the octopressin receptor is expressed in the brain and central administration of octopressin has been reported to evoke hyperactivity of chromatophore cells, rapid respiration and jetting of water from the siphon similar to that seen in escape behavior (43). Additionally, expression of the octopressin receptor in the buccal and gastric ganglia is indicative of a physiological role in regulation of feeding and digestion (43). The octopressin receptor is also widely expressed peripherally, including in the rectum, oviduct and efferent branchial vessel (94) and accordingly in vitro pharmacological tests have revealed that octopressin induces tonic contraction of preparations of the rectum, oviduct and efferent branchial vessel and rhythmic contractions of the spermatophoric gland (91). Furthermore, investigation of potential osmoregulatory roles of VP/OT-type neuropeptides in the congeneric species Octopus ocellatus have revealed that octopressin, but not cephalotocin, decreases hemolymph osmolality and Ca2+ ion concentrations, as well as urinary Na+ ion concentrations (95).

Analysis of the expression of the cephalotocin gene in O. vulgaris revealed that it is largely associated with the ventral median vasomotor lobe of the suboesophageal brain, which contains neurons that are the source of the neurosecretory system of the vena cava (91). Comparison of the expression of the cephalotocin receptor genes in O. vulgaris revealed that CTR1 expression is predominantly associated with the central nervous system, whereas CTR2 expression is predominantly associated with peripheral organs, including the rectum, heart, vas deferens, oviduct and branchia (94). However, cephalotocin was found to have no effect when tested on in vitro preparations of the rectum, oviduct, efferent branchial vessel and the spermatophoric gland (91). Further studies are now needed to gain insights into the physiological roles of cephalotocin in O. vulgaris and the functional significance of the occurrence of the two cephalotocin receptors.

The occurrence of two genes encoding VP/OT-type peptides has also been reported in another cephalopod species, the cuttlefish Sepia officinalis. Thus, one gene encodes a peptide named sepiatocin (CFWTTCPIG-NH2), which is most closely related to octopressin, and the second gene encodes a peptide named pro-sepiatocin (CFFRNCPPG-NH2), which is most closely related to cephalotocin (96) (Table 1). Immunohistochemical methods have also been used to analyse the expression of VP/OT-type neuropeptides in S. officinalis, but interpretation of the findings are complicated by the use of antibodies to mammalian peptides (OT and VP) and the occurrence of two VP/OT-type neuropeptides in this species (97). A more specific analysis of the expression of the sepiatocin and pro-sepiatocin genes in S. officinalis revealed that sepiatocin has a widespread pattern of expression in the central nervous system, consistent with the expression pattern of octopressin in O. vulgaris. Conversely, pro-sepiatocin expression is restricted to the supraoesophageal and suboesophageal masses of the brain, consistent with the more restricted expression of cephalotocin in O. vulgaris (96).

Investigation of the pharmacological actions of sepiatocin in S. officinalis revealed that it causes tonic contraction of the oviduct, penis and vena cava (96), consistent with the previously reported myotropic effects of octopressin in O. vulgaris (91). Conversely, pro-sepiatocin lacked myotropic activity in S. officinalis (96), consistent with previous findings for cephalotocin in O. vulgaris (91). Pro-sepiatocin is, however, detected in the hemolymph of S. officinalis, indicating that it acts as a neurohormone, with a suggested role as a regulator of reproductive processes (96). Prior to the discovery of sepiatocin and pro-sepiatocin, the homologous peptides from O. vulgaris (octopressin and cephalotocin) were tested for effects on long-term memory (LTM) formation of a passive avoidance task in S. officinalis. Cephalotocin enhanced LTM at several doses tested whereas octopressin enhanced LTM at the lowest dose tested and attenuated LTM at the highest dose tested (98). These findings provided the first evidence that VP/OT-type neuropeptides are involved in learning and memory in an invertebrate species, but further studies are now needed to gain deeper insights into the underlying neural mechanisms.

In conclusion, insights into the physiological roles of VP/OT-type neuropeptide signaling in molluscs have thus far largely been obtained from experimental studies on the gastropods L. stagnalis and A. californica and the cephalopods O. vulgaris and S. officinalis. However, analysis of transcriptome/genome sequence data has also enabled identification of genes encoding VP/OT-type precursors and/or receptors in bivalve molluscs (99, 100). For example, the precursor of a VP/OT-type neuropeptide with the sequence CFIRNCPPG-NH2, which is structurally very similar to pro-sepiatocin, has been identified in the scallop Mizuhopecten yessoensis (GenBank: OWF51696.1) (Table 1). In view of the economic importance of some bivalves as foodstuffs, investigation of the physiological roles of VP/OT-type neuropeptide signaling in these species could provide a basis for potential applications in aquaculture. With this objective in mind the physiological roles of other neuropeptides in bivalves have been investigated (101, 102), but to the best of our knowledge nothing is known about VP/OT-type neuropeptide function in bivalves.



Annelida

The first paper to report the identification of a VP/OT-type neuropeptide in an annelid was published in 1993. A peptide with amino acid sequence CFIRNCPKG-NH2 (Table 1) was purified from extracts of the central nervous system of the leech Erpobdella octoculata based on its immunoreactivity with antibodies to VP. Furthermore, injection of the synthetic peptide was found to cause a reduction in body mass in E. octoculata and it was concluded that this is due to stimulation of diuresis (103). Subsequently, the VP/OT-type peptide “annetocin” (CFVRNCPTG-NH2) was isolated from the earthworm Eisenia fetida (Table 1); however, this peptide was not isolated using antibodies but on account of its myoexcitatory activity on in vitro preparations of the gut (crop-gizzard complex) and nephridia (excretory organs). Thus, annetocin potentiates spontaneous rhythmic contractions of the isolated gut, potentiates pulsatile contractions of nephridia and induces pulsatile contractions in quiescent nephridia (104). Furthermore, investigation of the in vivo actions of annetocin in E. fetida revealed that it induces egg-laying related behaviors that include rotary movements, changes in body shape, mucous secretion from the clitellum and in some animals egg-laying (105). Consistent with these behavioral effects of annetocin, analysis of the expression of the annetocin precursor using mRNA in situ hybridization revealed that it is expressed by neurons located in the suboesophageal ganglion, which is known to be involved in regulation of reproductive behavior (106). Accordingly, immunohistochemical analysis of annetocin expression revealed a population of annetocin-immunoreactive neuronal somata in the suboesophageal ganglion and four immunoreactive neuronal somata in the cerebral ganglion. Analysis of the distribution of immunoreactive fibers revealed that they extend into the ventral nerve cord between the fourth and thirtieth segments, including the clitellum, but with a gradual reduction in the number of stained fibers proceeding posteriorly (107). Having identified and pharmacologically characterized the annetocin receptor, the expression of this receptor in E. fetida was investigated using mRNA in situ hybridization. Consistent with the effects of annetocin in inducing egg-laying related behaviors, annetocin receptor expression was found to be specifically associated with nephridia located in the clitellum region (108). Collectively, these findings indicate that a sub-population of suboesophageal neurons release annetocin from their processes in the ventral nerve cord and then annetocin binds to receptors on clitellum nephridia, which regulate production of a cocoon (108).

Interestingly, annetocin also induces egg-laying like behaviors in the leech Whitmania pigra (104). Accordingly, a subsequent study has shown that VP/OT-type neuropeptides induce a series of behaviors in the medicinal leech Hirudo verbena that closely resemble natural reproductive behavior, including twisting that aligns gonopores in preparation for copulation. Furthermore, the central pattern generator that controls this behavior was specifically localized to ganglia (M5 and M6) located in the reproductive segments of the leech (109). Annetocin was found not to induce egg-laying in the polychaete Perinereis vancaurica (105) but interestingly it has been reported that injection of a VP/OT-type neuropeptide in males of the polychaete Nereis succinea triggers swimming in tight circles and spawning (109). Analysis of the expression of the gene encoding the VP/OT-type neuropeptide CFVRNCPPG-NH2 in the polychaete Platynereis dumerilii (Table 1) revealed that it is expressed in a pair of cells adjacent to the large cilia of deep brain extraocular photoreceptor cells. Furthermore, cells expressing a ciliary-type opsin were found to be located in the same position and connected to the same axons as the cells expressing the VP/OT-type precursor. Based on these findings it was concluded that the pair of cells expressing the VP/OT-type precursor in the brain of P. dumerilii are extraocular photoreceptor cells. Accordingly, it was concluded that these cells may coordinate reproductive behavior with seasonal changes in light cycles (110). More recently, two receptors that are activated by the VP/OT-type neuropeptide in P. dumerilii have been identified (111, 112) and it would be interesting to determine the spatial and temporal patterns of expression of these receptors to gain further insights into the physiological mechanisms of VP/OT-type signaling in this important new model system in neurobiology (113).



Other Spiralians

A recent survey of the phylogenetic distribution of VP/OT-type signaling, based on an analysis of genome sequence data, reports that this signaling system is present in brachiopods (lamp shells) and gnathostomulids (jaw worms) but has been lost in rotifers (wheel animals) and platyhelminths (47). The loss of VP/OT-type signaling in the phylum Platyhelminthes is noteworthy given the biomedical importance of parasitic platyhelminths and extensive efforts to characterize other neuropeptide signaling systems in these animals (114–117).




Invertebrate Deuterostomes


Urochordata

VP/OT-type peptides that have been identified in urochordates have a characteristic feature of this neuropeptide family in having a conserved pair of cysteines that form a disulphide bridge in the mature peptide. However, unlike the majority of VP/OT-type neuropeptides that are amidated nonapeptides, the urochordate peptides are C-terminally extended. Thus, the VP/OT-type peptide in the sea-squirt Styela plicata is a C-terminally amidated peptide comprising 14 residues (118) and the VP/OT-type peptide in the sea-squirt Ciona intestinalis (CiVP) is 13 residue peptide without C-terminal amidation (119) (Table 1). Furthermore, the receptor that mediates effects of the VP/OT-type peptide in C. intestinalis has been identified (119).

Using mRNA in situ hybridization and immunohistochemical methods, respectively, expression of the gene encoding the VP/OT-type precursor and the mature peptide was revealed in the cerebral ganglion of S. plicata. Interestingly, VP/OT-type precursor gene expression in the cerebral ganglion is upregulated in animals maintained in diluted seawater (60%), by comparison with animals maintained in normal (100%) or concentrated (130%) seawater. Furthermore, animals maintained in diluted seawater closed their inhalent and exhalent siphons, whereas animals in normal or concentrated seawater kept their siphons open. Consistent with these behavioral observations, in vitro pharmacological tests revealed that the VP/OT-type peptide causes tonic contraction of siphon muscles. Collectively, these findings indicate that the VP/OT-type peptide in S. plicata has a VP-like role in osmoregulatory processes, regulating water intake when animals are exposed to hypotonic seawater (118).

Consistent with findings from S. plicata, the VP/OT-type neuropeptide gene in C. intestinalis is expressed in the cerebral ganglion. Furthermore, analysis of the C. intestinalis VP/OT-type receptor revealed that it is expressed in the cerebral ganglion and in peripheral organs, including the digestive system, endostyle, branchia sac, heart and gonad (119). Recently, detailed functional characterization of VP/OT-type signaling in C. intestinalis has revealed a role in physiological mechanisms of oocyte maturation via germinal vesicle breakdown. Expression of the VP/OT-type receptor gene CiVpr in ovarian follicles was found to increase prior to ovulation. Furthermore, exposure of developing ovarian follicles to CiVP caused an increase in germinal vesicle breakdown and ovulation. CiVpr is expressed by oocytes and investigation of the mechanisms of CiVP action indicates that it causes CiVpr-mediated upregulation of the phosphorylation of extracellular signal-regulated kinase (CiErk1/2) and activation of a maturation-promoting factor, leading to oocyte maturation via germinal vesicle breakdown. Activated CiErk1/2 also induces oocyte expression of a matrix metalloproteinase (CiMMP2/9/13) and it is hypothesized that secretion of this enzyme causes digestion of collagens in the outer follicular cell layer, leading to the rupture of the follicular layer and ovulation (120).



Cephalochordata

Analysis of the genome sequence of the cephalochordate Branchiostoma floridae has enabled identification of a gene encoding a 167-residue VP/OT-type precursor (Brafl1-84802) and the neuropeptide derived from this precursor has the predicted structure CYIINCPRG-NH2 (22, 121) (Table 1). Two genes (154241, 134295) encoding candidate receptors for this neuropeptide have also been identified in B. floridae (122), but the pharmacological properties of these receptors have yet to be investigated experimentally. Furthermore, nothing is known about the expression of genes encoding the VP/OT-type precursor and receptors in B. floridae. This will be of interest to gain insights into the evolution of neuropeptide signaling in the phylum Chordata and comparison with VP/OT-type neuropeptide function in urochordates and vertebrates.



Hemichordata

Analysis of the genome sequence of the hemichordate Saccoglossus kowalevskii (123) has enabled identification of a gene on genomic contig 42727 that encodes a VP/OT-type precursor and the neuropeptide derived from this precursor has the predicted structure CFISDCARG-NH2 (121). An unusual feature of this peptide is the presence of an alanine residue at position seven, which is more typically occupied by a proline residue in members of this neuropeptide family (Table 1). Furthermore, a gene (g16853) encoding a candidate receptor for this neuropeptide has also been identified in S. kowalevskii (122), but the pharmacological properties of this receptor have yet to be investigated experimentally. Likewise, nothing is known about the physiological roles of VP/OT-type signaling in hemichordates, which is reflective of a general paucity of information on neuropeptide expression and function in this phylum. This will surely be a fruitful research theme for future work, both in gaining understanding of the evolution of neuropeptide function in the ambulacrarian clade of the animal kingdom and in providing insights into the functional neuroarchitecture of hemichordate nervous systems (124, 125).



Echinodermata

Sequencing of the genome of the sea urchin Strongylocentrotus purpuratus enabled the first identification of genes encoding a VP/OT-type precursor and a VP/OT-type receptor in an echinoderm (126, 127). The S. purpuratus VP/OT-type precursor comprises a neuropeptide (echinotocin) with the predicted structure CFISNCPKG-NH2 (Table 1). Echinotocin has been synthesized and tested on in vitro preparations of the esophagus and tube feet from the sea urchin Echinus esculentus and found to cause dose-dependent contraction of these neuromuscular organs (40). This effect of echinotocin in sea urchins is consistent with the myotropic actions of VP/OT-type neuropeptides in vertebrates and protostomian invertebrates (see above). However, the physiological/behavioral significance of the in vitro myotropic actions of echinotocin in adult sea urchins is not known. Expression of the echinotocin precursor during embryonic and larval development in S. purpuratus has also been investigated and interestingly peak expression (~200 transcripts per embryo) is observed at 48 h post fertilization (hpf), which corresponds to the gastrula stage when the first neuronal precursor cells are detected. However, by the early larval stage (70 hpf), when a simple nervous system is present, the level of echinotocin precursor expression is lower (~60 transcripts per larva) (128). Further studies are now needed to investigate the roles of echinotocin signaling during sea urchin development and this will be facilitated by use of gene-knockout techniques (129).

Sequencing of the neural transcriptome of the starfish A. rubens enabled identification of a transcript encoding a VP/OT-type precursor protein comprising the neuropeptide “asterotocin” (130) and the structure of this peptide (CLVQDCPEG-NH2) has been confirmed using mass spectrometry (131). An unusual characteristic of asterotocin is that it has acidic residues at positions 5 and 8, which are usually occupied by a basic or hydrophobic residue in other VP/OT-type peptides (Table 1). The asterotocin receptor has also been identified in A. rubens and shown to be selectively activated by asterotocin and not by mammalian VP or OT (131). To gain insights into the physiological roles of asterotocin signaling in starfish, the expression of asterotocin and the asterotocin receptor in A. rubens has been examined using both mRNA in situ hybridization and immunohistochemical techniques. Asterotocin-expressing cells and fibers are present in the central nervous system (radial nerve cords and circumoral nerve ring), the locomotory organs (tube feet), several regions of the digestive system (including the cardiac stomach) and in the body wall and associated appendages (e.g., papulae that mediate gas exchange). Asterotocin receptor-expressing cells were found to be less abundant than asterotocin-expressing cells but double labeling of asterotocin and the asterotocin receptor revealed complementary patterns of expression. Investigation of the in vitro pharmacological actions of asterotocin revealed that it acts as a muscle relaxant in A. rubens, contrasting with myotropic actions of VP/OT-type neuropeptides that have been reported in vertebrates and in other invertebrates. For example, asterotocin was found to be a potent relaxant of cardiac stomach preparations from A. rubens. This effect of asterotocin in vitro was of interest because relaxation of the cardiac stomach occurs when this organ is everted out of the mouth over the soft tissues of prey when starfish feed. Therefore, the in vivo effects of asterotocin were also investigated and this revealed that asterotocin is a powerful inducer of cardiac stomach eversion. Furthermore, injection of asterotocin also caused arm flexion and adoption of a body posture similar to that adopted when starfish feed on prey such as mussels. Moreover, the effect of asterotocin on body posture was so powerful that it adversely affected the ability of starfish to right themselves when upturned. Collectively, the findings of this study indicate that asterotocin signaling has an important physiological/behavioral role in triggering the unusual extra-oral feeding behavior of the starfish A. rubens (131). Expression of the asterotocin precursor has also been investigated in the free-swimming larvae of A. rubens, with transcripts detected during the brachiolaria larval stage in cells located at the tips of the brachia and associated with the adhesive disk—structures that mediate larval attachment to the substratum prior to metamorphosis (132). Therefore, it would be interesting to investigate a potential physiological role of asterotocin signaling as a regulator of larval attachment in starfish. It will also be of interest to investigate the physiological roles of asterotocin in other starfish species. Relevant to this, a gene encoding an asterotocin precursor has been identified in the crown-of-thorns starfish (COTS) Acanthaster planci (133) but further studies are now needed to gain insights into the physiological roles of asterotocin in this species.

Transcripts encoding VP/OT-type precursors have also been identified in the brittle star species Ophionotus victoriae, Amphiura filiformis, and Ophiopsila aranea and interestingly, in common with starfish, the predicted neuropeptide derived from these precursors has an acidic residue (glutamate) in the eighth position (134). For example, the VP/OT-type peptide in O. victoriae has the predicted structure CLVSDCPEG-NH2, which is identical to the A. rubens peptide asterotocin in all but the fourth residue (Table 1). It is noteworthy, therefore, that the unusual property of asterotocin in having acidic residues at both positions five and eight is also a feature of VP/OT-type neuropeptides in brittle stars. It is not, however, a feature of the VP/OT-type neuropeptides in other echinoderm classes (see below) and therefore it can be deduced that this structural feature evolved in a common ancestor of the asterozoan clade of extant echinoderms (135), which comprises the Asteroidea (starfish) and the Ophiuroidea (brittle stars).

The other classes of echinoderms that we have yet to consider are the Holothuroidea (sea cucumbers), which are a sister class to the Echinoidea (sea urchins) in the Echinozoan clade of extant echinoderms, and the Crinoidea (e.g., featherstars) that occupy a basal position with respect to the other extant echinoderm classes (135). VP/OT-type precursor transcript sequences have been identified in several sea cucumber species, including Apostichopus japonicus, Holothuria glaberrima, and Holothuria scabra (136, 137). The neuropeptides derived from these precursors (e.g., CFITNCPLG-NH2 in A. japonicus; “holotocin”) share more sequence similarity with the sea urchin peptide echinotocin (CFISNCPKG-NH2) than with asterozoan VP/OT-type neuropeptides (e.g., asterotocin) (Table 1), consistent with the sister group status of sea cucumbers (Holothuroidea) and sea urchins (Echinoidea) in the echinozoan clade of the phylum Echinodermata. Currently, nothing is known about the physiological roles of VP/OT-type neuropeptides in sea cucumbers and so this is an important objective for future studies, particularly in the context of potential applications in aquaculture of economically valuable edible species such as A. stichopus and H. scabra (136, 137).



Xenacoelomorpha

The phylum Xenacoelomorpha comprises three sub-phyla—xenoturbellids (e.g., Xenoturbella bocki), nemertodermatids (e.g., Nemertoderma westbladi), and acoels (e.g., Symsagittifera roscoffensis)—all of which have a simple body plan without a through-gut (138–140). However, there is controversy regarding the phylogenetic position of the Xenacoelomorpha in the animal kingdom. The Nephrozoa hypothesis places xenacoelomorphs as a sister group to all other bilaterian animals (141, 142) whereas the Xenambulacraria hypothesis places xenacoelomorphs within the deuterostome clade of the Bilateria as a sister group to the Ambulacraria (Hemichordates and Echinoderms) (143). In discussing this phylum last, but after the Ambulacraria, both phylogenetic positions are compatible with the structure of this review article. Nevertheless, we note that the most recent phylogenetic analysis is supportive of the Xenambulacraria hypothesis (144) and therefore in Figure 1 the phylum Xenacoelomorpha is positioned as a sister group to the Ambulacraria.

A detailed survey of the occurrence of neuropeptide signaling systems in xenacoelomorphs has been reported recently, based on analysis of genome/transcriptome sequence data from species belonging to the three sub-phyla of the phylum (145). Genes encoding VP/OT-type precursors and receptors were identified in xenoturbellids (X. bocki and Xenoturbella profunda) and a nemertodermatid (Ascoparia sp.) but not in acoels. Therefore, based on the data currently available it appears that VP/OT-type signaling may have been lost in acoels. Analysis of the occurrence of other neuropeptide signaling systems in xenacoelomorphs has also revealed evidence of loss in acoels and so in this respect the absence of VP/OT-type signaling in acoels may be reflective of a more widespread simplification of neuropeptide signaling in this sub-phylum. Nevertheless, analysis of complete genome sequences in a variety of acoel species may be necessary to draw definitive conclusions regarding the loss of VP/OT-type signaling.

The sequences of the predicted neuropeptides derived from VP/OT precursors in xenoturbellids and a nemertodermatid are CLVQGCPIG-NH2 (in X. bocki and X. profunda) and CVIVACPRG-NH2 (in Ascoparia sp.), respectively (145) (Table 1). However, nothing is known about the expression and actions of these neuropeptides and therefore this is an important and fascinating objective for future studies.





GENERAL CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH

The evolutionary origin of VP/OT-type neuropeptide signaling in a common ancestor of the Bilateria was first determined in 1987 with the sequencing of VP/OT-type peptides in protostome invertebrate species (32, 35). This finding has been consolidated over the last two decades by genome/transcriptome sequencing and the discovery of genes/transcripts encoding VP/OT-type precursor proteins and VP/OT-type receptors in a wide range of bilaterian phyla (47, 122, 146). Invertebrates typically have one gene encoding a VP/OT-type precursor and one gene encoding a VP/OT-type receptor and it can be inferred, therefore, that this reflects the ancestral condition in Urbilateria. However, gene duplication has subsequently given rise to duplicated precursor genes and/or receptor genes in several lineages, including, for example, cephalopod molluscs, nematodes, tardigrades and vertebrates (23, 24, 41–43, 78). Furthermore, genome duplication in the vertebrate lineage has given rise to expanded families of genes encoding VP/OT-type receptors (23, 24). Conversely, in some lineages the VP/OT-type signaling system has been lost. This includes apparent instances of loss in an entire phylum (e.g., Platyhelminthes, Rotifera), although definitive proof may have to await the availability of genome sequences from extant species that are representative of all the major taxonomic branches of each phylum. Accordingly, in some phyla there are instances of clade specific loss of VP/OT-type signaling; the arthropods are example of this with loss of VP/OT-signaling in several insect orders and spiders (47). Loss of VP/OT-type signaling within specific clades of a phylum is interesting because it may ultimately provide insights into the functional significance and physiological importance of VP/OT-type signaling. Thus, if we know the physiological roles of VP/OT-type signaling in one or more clades of a phylum, we can then consider how those physiological roles of VP/OT-type signaling could be dispensed with as a consequence of gene loss in other clades. With this perspective in mind, we move on now to consider what general principles emerge from our comparative survey of what is known about VP/OT-type neuropeptide function in invertebrates.

Evidence that VP/OT-type neuropeptides regulate reproductive processes and behaviors is a prevalent finding, consistent with the roles of OT, and to a lesser extent VP, in vertebrates. Perhaps most notable are the actions of annetocin in inducing egg-laying related behaviors in annelids (105, 109), evidence that nematocin signaling is required for normal male mating behavior in the nematode C. elegans (42) and the recent discovery that VP/OT-type signaling regulates oocyte maturation and ovulation in the urochordate C. intestinalis (120). Furthermore, the discovery that VP/OT-type signaling acts differentially to control male and female reproductive systems in the mollusc L. stagnalis illustrates how an ancient signaling system has been adapted to regulate reproduction in the context of hermaphroditism (37, 38). In the context of these findings from a variety of phyla, it is reasonable to infer that the role of VP/OT-type signaling as a regulator of reproductive processes originated in Urbilateria. Accordingly, does VP/OT signaling regulate of reproductive processes in all extant Bilateria? In the many phyla where nothing is known about VP/OT-type neuropeptide function, this question remains to be addressed. It is noteworthy that thus far no evidence of a reproductive role has been reported in insects, although it has been reported that a VP/OT-type neuropeptide inhibits steroid release from the ovary in the blue swimming crab P. pelagicus (75). Therefore, further investigation of potential reproductive roles of VP/OT-type signaling in arthropods would be interesting. Furthermore, our recent report that the VP/OT-type neuropeptide asterotocin triggers fictive feeding in the starfish A. rubens (Phylum Echinodermata) (131) may also be relevant to reproductive behavior. Spawning in starfish is triggered by a relaxin-type neuropeptide and when starfish spawn they adopt a “humped” posture similar to that adopted when they feed on prey (147–150). Therefore, whilst there is no evidence that asterotocin can trigger the release of gametes in starfish, it is possible that asterotocin signaling is involved in neural control of postural changes associated with spawning in starfish. In this context, it would be interesting to investigate if VP/OT-type neuropeptides have effects on behavior associated with reproduction in other echinoderms (e.g., sea urchins, sea cucumbers).

A second general theme that emerges from comparative analysis of VP/OT-type neuropeptide function in invertebrates are roles associated with water/salt homeostasis and excretory organs, consistent with the actions of VP as an antidiuretic in vertebrates. This includes evidence from the urochordate S. plicata, where VP/OT-type signaling appears to be involved in preventing intake of dilute seawater by causing closure of inhalent/exhalent siphons (118). Furthermore, it is noteworthy that annetocin has myoexcitatory effects on excretory organs (nephridia) in the earthworm E. foetida, which is important in a reproductive context where specialized nephridia in the clittelar region secrete a cocoon during egg-laying (104). However, this may be reflective of a more general role of VP/OT-type signaling in regulation of nephridial function in annelids and therefore it would be interesting to investigate the actions of VP/OT-type neuropeptides on species from other annelid clades [e.g., in the ragworm P. dumerilii; (151)]. Investigation of VP/OT-type neuropeptide function in insects has revealed what appear to conflicting actions with respect to water preservation. Thus, experimental studies on locusts and beetles have revealed a diuretic effect (i.e., water loss) (54, 64) whilst more recent studies on ants have provided evidence that the VP/OT-type neuropeptide inotocin promotes dessication resistance (i.e., water preservation) by stimulating production of cuticular hydrocarbons by oenocytes (69). In this context, it would be timely to revisit investigation VP/OT-type neuropeptide function in the locust L. migratoria, which as a large insect is an attractive experimental model for physiological studies. Thus, building upon previous anatomical and physiological studies (52, 56), it would be interesting to determine where the inotocin receptor is expressed in locusts as this would provide a basis for an integrative approach to analysis of the physiological roles of VP/OT-type neuropeptide signaling in this species. Furthermore, one of the most intriguing characteristics of VP/OT-type neuropeptide signaling in insects is the highly conserved expression of inotocin in a pair of neurons located in the suboesophageal ganglion, although in some species additional inotocin-expressing neurons are present in the brain (53, 64, 68, 69). This highly restricted pattern of neuronal expression may, at least in part, explain why loss of VP/OT-type neuropeptide signaling has occurred in some insect lineages (including Drosophila). If further advances are made in our understanding of the physiological roles of VP/OT-type signaling in insects that have retained this system, it may be possible to provide evolutionary, ecological and physiological explanations for its loss in some insect taxa.

A third emergent theme is an association of VP/OT-type neuropeptide signaling with extra-ocular photoreceptive systems and therefore by inference a potential role in circadian and/or circalunar physiological/behavioral rhythmicity. Evidence of this from invertebrates was first obtained from experimental characterization of neural inputs to suboesophageal VPLI neurons in the locust L. migratoria (56, 57). However, evidence of a phylogenetically more widespread association with extra-ocular photoreceptors was obtained subsequently from the annelid P. dumerilii, where it was concluded that suboesophageal neurons expressing the VP/OT-type neuropeptide in this species are in fact extraocular receptors themselves (110). The association of VP/OT-type neuropeptide expressing neurons with extraocular photoreception in these two invertebrate species is consistent with findings from mammals, where elevated pituitary release of OT and VP occurs during the hours of sleep (152). However, further experimental studies are now needed to investigate in more detail a proposed association of VP/OT-type signaling with circadian and/or circalunar physiological/behavioral rhythmicity in insects, annelids and/or other invertebrates.

A fourth theme that emerges from comparative studies is the role of VP/OT-type signaling in regulation of feeding, with the inhibitory effect of OT-type neuropeptides on food intake in mammals and other vertebrates (20, 27) providing a basis for investigation of feeding-related roles in invertebrates. Our discovery that asterotocin triggers fictive feeding in the starfish A. rubens is perhaps the most striking evidence obtained from invertebrates, although it is of course noteworthy that actions of asterotocin are indicative of an orexigenic action that contrasts with the anorexigenic action of oxytocin in mammals. Indirect evidence of VP/OT-type signaling regulating feeding and/or digestion includes the expression of VP/OT-type receptors in the digestive system and regions of nervous system that control feeding and/or digestive processes in molluscs (91), annelids (104), nematodes (41) and crustaceans (73, 74) and changes in inotocin precursor expression following a starvation period in ants (68). However, further studies are now needed to investigate in more detail the roles of VP/OT-type neuropeptides in feeding/digestion in these and other invertebrate taxa.

In summary, it is clear that in the context of comparative analysis of neuropeptide function in the Bilateria, research on VP/OT-type neuropeptide signaling has been remarkably fruitful. This may in part reflect the high level of evolutionary conservation of VP/OT-type neuropeptide/precursor structure in the Bilateria and the ease with which VP/OT-type neuropeptides can be identified in different taxa. However, it is also noteworthy that VP/OT-type neuropeptides have quite striking effects of reproduction and/or feeding related behaviors in invertebrates, which has facilitated and encouraged detailed experimental analysis of VP/OT-type signaling in a wide range of taxa. But there is still much to be learnt about the physiological roles of VP/OT-type neuropeptide signaling invertebrates if we are to achieve a level of understanding that would facilitate reconstruction of the evolution of VP/OT-type neuropeptide function in the Bilateria. Neuropeptide signaling systems operate in the context of neuronal circuits and adaptive evolutionary changes in the configuration of those circuits (153). To understand the evolution of VP/OT-type neuropeptide function it may therefore be necessary to not only determine the actions of the peptides but also to characterize the transcriptomic/proteomic/metabolomic profiles of cells expressing VP/OT-type precursors and/or VP/OT-type receptors within the framework of anatomically and functionally identified neuronal connectivities. This will not be feasible in all taxa but this should not deter comparative physiologists from taxa that were intractable prior to the genome/transcriptome-sequencing era. Investigation of the effects VP/OT-type neuropeptides in the huge variety of invertebrates that remain to be studied is sure to reveal actions that are both amazing and informative. So let this be a mission that could be celebrated in 2055, the 100th anniversary of the Nobel Prize award for chemistry to Vincent du Vigneaud.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

EO was supported by a Ph.D. studentship awarded by the Society for Experimental Biology. ME was supported by grants from the Biotechnology and Biological Sciences Research Council (BB/M001644/1) and the Leverhulme Trust (RPG-2018-200).



REFERENCES

 1. Oliver G, Schafer EA. On the physiological action of extracts of pituitary body and certain other glandular organs: preliminary communication. J Physiol. (1895) 18:277–9. doi: 10.1113/jphysiol.1895.sp000565

 2. Howell WH. The physiological effects of extracts of the hypophysis cerebri and infundibular body. J Exp Med. (1898) 3:245–58. doi: 10.1084/jem.3.2.245

 3. Dale HH. On some physiological actions of ergot. J Physiol. (1906) 34:163–206. doi: 10.1113/jphysiol.1906.sp001148

 4. Dale HH. The action of extracts of the pituitary body. Biochem J. (1909) 4:427–47. doi: 10.1042/bj0040427

 5. Ott I, Scott JC. The action of infundibulum upon mammary secretion. Proc Soc Exp Biol. (1910) 8:48–9. doi: 10.3181/00379727-8-27

 6. Schafer EA, Mackenzie K. The action of animal extracts on milk secretion. Proc R Soc Lond B. (1911) 84:16–22. doi: 10.1098/rspb.1911.0042

 7. Farini F. Diabete insipido ed opoterapia. Gazz Osped Clin. (1913) 34:1135–9.

 8. Kamm O, Aldrich TB, Grote IW, Rowe LW, Bugbee EP. The active principles of the posterior lobe of the pituitary gland. I. the demonstration of the presence of two active principles. II. the separation of the two principles and their concentration in the form of potent solid preparations. J Am Chem Soc. (1928) 50:573–601. doi: 10.1021/ja01389a050

 9. Turner RA, Pierce JG, Du Vigneaud V. The purification and the amino acid content of vasopressin preparations. J Biol Chem. (1951) 191:21–8.

 10. Du Vigneaud V, Lawler HC, Popenoe EA. Enzymatic cleavage of glycinamide from vasopressin and a proposed structure for this pressor-antidiuretic hormone of the posterior pituitary. J Am Chem Soc. (1953) 75:4880–1. doi: 10.1021/ja01115a554

 11. Acher R, Chauvet J. La structure de la vasopressine de boeuf. Biochim Biophys Acta. (1954) 14:421–9. doi: 10.1016/0006-3002(54)90202-4

 12. Tuppy H. The amino-acid sequence in oxytocin. Biochim Biophys Acta. (1953) 11:449–50. doi: 10.1016/0006-3002(53)90071-7

 13. Du Vigneaud V, Ressler C, Trippett S. The sequence of amino acids in oxytocin, with a proposal for the structure of oxytocin. J Biol Chem. (1953) 205:949–57.

 14. Du Vigneaud V, Gish DT, Katsoyannis PG. A synthetic preparation possessing biological properties associated with arginine vasopressin. J Am Chem Soc. (1954) 76:4751–2. doi: 10.1021/ja01647a089

 15. Du Vigneaud V, Ressler C, Swan JM, Roberts CW, Katsoyannis PG. The synthesis of oxytocin. J Am Chem Soc. (1954) 76:3115–21. doi: 10.1021/ja01641a004

 16. de Bree FM, Burbach JP. Structure-function relationships of the vasopressin prohormone domains. Cell Mol Neurobiol. (1998) 18:173–91. doi: 10.1023/A:1022564803093

 17. Bichet D, Bouvier M, Chini B, Gimpl G, Guillon G, Kimura T, et al. Vasopressin and oxytocin receptors (version 2019.4) in the IUPHAR/BPS Guide to Pharmacology Database. IUPHAR/BPS Guide Pharmacol. (2019) 2019:1–19. doi: 10.2218/gtopdb/F66/2019.4

 18. Barberis C, Mouillac B, Durroux T. Structural bases of vasopressin/oxytocin receptor function. J Endocrinol. (1998) 156:223–29. doi: 10.1677/joe.0.1560223

 19. Donaldson ZR, Young LJ. Oxytocin, vasopressin, and the neurogenetics of sociality. Science. (2008) 322:900–4. doi: 10.1126/science.1158668

 20. Arletti R, Benelli A, Bertolini A. Oxytocin inhibits food and fluid intake in rats. Physiol Behav. (1990) 48:825–30. doi: 10.1016/0031-9384(90)90234-U

 21. Leng G, Russell JA. The osmoresponsiveness of oxytocin and vasopressin neurones: mechanisms, allostasis and evolution. J Neuroendocrinol. (2019) 31:e12662. doi: 10.1111/jne.12662

 22. Gwee P-C, Tay B-H, Brenner S, Venkatesh B. Characterization of the neurohypophysial hormone gene loci in elephant shark and the japanese lamprey: origin of the vertebrate neurohypophysial hormone genes. BMC Evol Biol. (2009) 9:47. doi: 10.1186/1471-2148-9-47

 23. Lagman D, Ocampo Daza D, Widmark J, Abalo XM, Sundström G, Larhammar D. The vertebrate ancestral repertoire of visual opsins, transducin alpha subunits and oxytocin/vasopressin receptors was established by duplication of their shared genomic region in the two rounds of early vertebrate genome duplications. BMC Evol Biol. (2013) 13:238. doi: 10.1186/1471-2148-13-238

 24. Ocampo Daza D, Lewicka M, Larhammar D. The oxytocin/vasopressin receptor family has at least five members in the gnathostome lineage, inclucing two distinct V2 subtypes. Gen Comp Endocrinol. (2012) 175:135–43. doi: 10.1016/j.ygcen.2011.10.011

 25. Sawyer WH. Evolution of neurohypophyseal hormones and their receptors. Fed Proc. (1977) 36:1842–7.

 26. Balment RJ, Lu W, Weybourne E, Warne JM. Arginine vasotocin a key hormone in fish physiology and behaviour: a review with insights from mammalian models. Gen Comp Endocrinol. (2006) 147:9–16. doi: 10.1016/j.ygcen.2005.12.022

 27. Mennigen JA, Volkoff H, Chang JP, Trudeau VL. The nonapeptide isotocin in goldfish: evidence for serotonergic regulation and functional roles in the control of food intake and pituitary hormone release. Gen Comp Endocrinol. (2017) 254:38–49. doi: 10.1016/j.ygcen.2017.09.008

 28. Acher R. Molecular evolution of fish neurohypophysial hormones: neutral and selective evolutionary mechanisms. Gen Comp Endocrinol. (1996) 102:157–72. doi: 10.1006/gcen.1996.0057

 29. Acher R, Chauvet J, Chauvet M-T, Rouille Y. Unique evolution of neurohypophysial hormones in cartilaginous fishes: possible implications for urea-based osmoregulation. J Exp Zool. (1999) 284:475–84. doi: 10.1002/(SICI)1097-010X(19991001)284:5<475::AID-JEZ2>3.0.CO;2-9

 30. Banerjee P, Joy KP, Chaube R. Structural and functional diversity of nonapeptide hormones from an evolutionary perspective: a review. Gen Comp Endocrinol. (2017) 241:4–23. doi: 10.1016/j.ygcen.2016.04.025

 31. Rémy C, Girardie J, Dubois MP. Vertebrate neuropeptide-like substances in the suboesophageal ganglion of two insects: Locusta migratoria R. and F. (orthoptera) and Bombyx mori L. (lepidoptera) immunocytological investigation. Gen Comp Endocrinol. (1979) 37:93–100. doi: 10.1016/0016-6480(79)90050-9

 32. Schooley DA, Miller CA, Proux JP. Isolation of two arginine vasopressin-like factors from ganglia of Locusta migratoria. Arch Insect Biochem Physiol. (1987) 5:157–66. doi: 10.1002/arch.940050302

 33. Moore GJ, Thornhill JA, Gill V, Lederis K, Lukowiak K. An arginine vasotocin-like neuropeptide is present in the nervous system of the marine mollusc Aplysia californica. Brain Res. (1981) 206:213–8. doi: 10.1016/0006-8993(81)90119-0

 34. Schot LPC, Boer HH, Swaab DF, Van Noorden S. Immunocytochemical demonstration of peptidergic neurons in the central nervous system of the pond snail Lymnaea stagnalis with antisera raised to biologically active peptides of vertebrates. Cell Tissue Res. (1981) 216:273–91. doi: 10.1007/BF00233620

 35. Cruz LJ, de Santos V, Zafaralla GC, Ramilo CA, Zeikus R, Gray WR, et al. Invertebrate vasopressin/oxytocin homologs. Characterization of peptides from Conus geographus and Conus straitus venoms. J Biol Chem. (1987) 262:15821–4.

 36. Mizuno J, Takeda N. Phylogenetic study of the arginine-vasotocin/arginine-vasopressin-like immunoreactive system in invertebrates. Comp Biochem Physiol A Comp Physiol. (1988) 91:739–47. doi: 10.1016/0300-9629(88)90959-0

 37. Van Kesteren RE, Smit AB, De Lange RP, Kits KS, Van Golen FA, Van Der Schors RC, et al. Structural and functional evolution of the vasopressin/oxytocin superfamily: vasopressin-related conopressin is the only member present in Lymnaea, and is involved in the control of sexual behavior. J Neurosci. (1995) 15:5898–998. doi: 10.1523/JNEUROSCI.15-09-05989.1995

 38. Van Kesteren RE, Tensen CP, Smit AB, Van Minnen J, Van Soest PF, Kits KS, et al. A novel G protein-coupled receptor mediating both vasopressin- and oxytocin-like functions of lys-conopressin in Lymnaea stagnalis. Neuron. (1995) 15:897–908. doi: 10.1016/0896-6273(95)90180-9

 39. C. elegans Sequencing Consortium, Genome sequence of the nematode: a platform for investigating biology. Science. (1998) 282: 2012–8. doi: 10.1126/science.282.5396.2012

 40. Elphick MR, Rowe ML. NGFFFamide and echinotocin: structurally unrelated myoactive neuropeptides derived from neurophysin-containing precursors in sea urchins. J Exp Biol. (2009) 212:1067–77. doi: 10.1242/jeb.027599

 41. Beets I, Janssen T, Meelkop E, Temmerman L, Suetens N, Rademakers S, et al. Vasopressin/oxytocin-related signaling regulates gustatory associative learning in C. elegans. Science. (2012) 338:543–5. doi: 10.1126/science.1226860

 42. Garrison JL, Macosko EZ, Bernstein S, Pokala N, Albrecht DR, Bargmann CI. Oxytocin/vasopressin-related peptides have an ancient role in reproductive behavior. Science. (2012) 338:540–3. doi: 10.1126/science.1226201

 43. Minakata H. Oxytocin/vasopressin and gonadotropin-releasing hormone from cephalopods to vertebrates. Ann N Y Acad Sci. (2010) 33–42. doi: 10.1111/j.1749-6632.2010.05569.x

 44. Koehbach J, Stockner T, Bergmayr C, Muttenthaler M, Gruber CW. Insights into the molecular evolution of oxytocin receptor ligand binding. Biochem Soc Trans. (2013) 41:197–204. doi: 10.1042/BST20120256

 45. Beets I, Temmerman L, Janssen T, Schoofs L. Ancient neuromodulation by vasopressin/oxytocin-related peptides. Worm. (2013) 2:e24246. doi: 10.4161/worm.24246

 46. Gruber CW. Physiology of invertebrate oxytocin and vasopressin neuropeptides. Exp physiol. (2014) 99:55–61. doi: 10.1113/expphysiol.2013.072561

 47. Lockard MA, Ebert MS, Bargmann CI. Oxytocin mediated behavior in invertebrates: an evolutionary perspective. Dev Neurobiol. (2017) 77:128–42. doi: 10.1002/dneu.22466

 48. Halanych KM. The new view of animal phylogeny. Ann Rev Ecol Evol Syst. (2004) 35:229–56. doi: 10.1146/annurev.ecolsys.35.112202.130124

 49. Proux JP, Miller CA, Li JP, Carney RL, Girardie A, Delaage M, et al. Identification of an arginine vasopressin-like diuretic hormone from Locusta migratoria. Biochem Biophys Res Commun. (1987) 149:180–6. doi: 10.1016/0006-291X(87)91621-4

 50. Stafflinger E, Hansen KK, Hauser F, Schneider M, Cazzamali G, Williamson M, et al. Cloning and identification of an oxytocin/vasopressin-like receptor and its ligand from insects. Proc Natl Acad Sci USA. (2008) 105:3262–7. doi: 10.1073/pnas.0710897105

 51. Proux JP, Rougon-Rapuzzi G. Evidence for vasopressin-like molecule in migratory locust. Radioimmunological measurements in different tissues: correlation with various states of hydration. Gen Comp Endocrinol. (1980) 42:378–83. doi: 10.1016/0016-6480(80)90168-9

 52. Thompson KS, Tyrer NM, May ST, Bacon JP. The vasopressin-like immunoreactive (VPLI) neurons of the locust, Locusta migratoria. I. anatomy. J Comp Physiol A. (1991) 168:605–17. doi: 10.1007/BF00215083

 53. Tyrer NM, Davis NT, Arbas EA, Thompson KS, Bacon JP. Morphology of the vasopressin-like immunoreactive (VPLI) neurons in many species of grasshopper. J Comp Neurol. (1993) 329:385–401. doi: 10.1002/cne.903290309

 54. Proux JP, Rougon G, Cupo A. Enhancement of excretion across locust malpighian tubules by a diuretic vasopressin-like hormone. Gen Comp Endocrinol. (1982) 47:449–57. doi: 10.1016/0016-6480(82)90123-X

 55. Coast GM, Rayne RC, Hayes TK, Mallet AI, Thompson KS, Bacon JP. A comparison of the effects of two putative diuretic hormones from Locusta migratoria on isolated locust malpighian tubules. J Exp Biol. (1993) 175:1–14.

 56. Thompson KS, Bacon JP. The vasopressin-like immunoreactive (VPLI) neurons of the locust, Locusta migratoria. II. physiology. J Comp Physiol A. (1991) 168:619–30. doi: 10.1007/BF00215084

 57. Baines RA, Bacon JP. Pharmacological analysis of the cholinergic input to the locust VPLI neuron from an extraocular photoreceptor system. J Neurophysiol. (1994) 72:2864–74. doi: 10.1152/jn.1994.72.6.2864

 58. Baines RA, Thompson KS, Rayne RC, Bacon JP. Analysis of the peptide content of the locust vasopressin-like immunoreactive (VPLI) neurons. Peptides. (1995) 16:799–807. doi: 10.1016/0196-9781(95)00038-L

 59. Veenstra JA. The contribution of the genomes of a termite and a locust to our understanding of insect neuropeptides and neurohormones. Front Physiol. (2014) 5:454. doi: 10.3389/fphys.2014.00454

 60. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Amanatides PG, et al. The genome sequence of Drosophila melanogaster. Science. (2000) 287: 2185–95. doi: 10.1126/science.287.5461.2185

 61. Richards S, Gibbs RA, Weinstock GM, Brown SJ, Denell R, Beeman RW, et al. The genome of the model beetle and pest Tribolium castaneum. Nature. (2008) 452:949–55. doi: 10.1038/nature06784

 62. Li B, Predel R, Neupert S, Hauser F, Tanaka Y, Cazzamali G, et al. Genomics, transcriptomics, and peptidomics of neuropeptides and protein hormones in the red flour beetle Tribolium castaneum. Genome Res. (2008) 18:113–22. doi: 10.1101/gr.6714008

 63. Amare A, Sweedler JV. Neuropeptide precursors in Tribolium castaneum. Peptides. (2007) 28:1282–91. doi: 10.1016/j.peptides.2007.04.014

 64. Aikins MJ, Schooley DA, Begum K, Detheux M, Beeman RW, Park Y. Vasopressin-like peptide and its receptor function in an indirect diuretic signaling pathway in the red flour beetle. Insect Biochem Mol Biol. (2008) 38:740–8. doi: 10.1016/j.ibmb.2008.04.006

 65. Gruber CW, Muttenthaler M. Discovery of defense- and neuropeptides in social ants by genome-mining. PLoS ONE. (2012) 7:e32559. doi: 10.1371/journal.pone.0032559

 66. Di Giglio MG, Muttenthaler M, Harpsøe K, Liutkeviciute Z, Keov P, Eder T, et al. Development of a human vasopressin V(1a)-receptor antagonist from an evolutionary-related insect neuropeptide. Sci Rep. (2017) 7:41002. doi: 10.1038/srep41002

 67. Chérasse S, Aron S. Measuring inotocin receptor gene expression in chronological order in ant queens. Horm Behav. (2017) 96:116–21. doi: 10.1016/j.yhbeh.2017.09.009

 68. Liutkevičiute Z, Gil-Mansilla E, Eder T, Casillas-Pérez B, Di Giglio MG, Muratspahić E, et al. Oxytocin-like signaling in ants influences metabolic gene expression and locomotor activity. FASEB J. (2018) 32:6808–21. doi: 10.1096/fj.201800443

 69. Koto A, Motoyama N, Tahara H, McGregor S, Moriyama M, Okabe T, et al. Oxytocin/vasopressin-like peptide inotocin regulates cuticular hydrocarbon synthesis and water balancing in ants. Proc Natl Acad Sci USA. (2019) 116:5597–606. doi: 10.1073/pnas.1817788116

 70. Makki R, Cinnamon E, Gould AP. The development and functions of oenocytes. Ann Rev Entomol. (2014) 59:405–25. doi: 10.1146/annurev-ento-011613-162056

 71. Liutkeviciute Z, Koehbach J, Eder T, Gil-Mansilla E, Gruber CW. Global map of oxytocin/vasopressin-like neuropeptide signalling in insects. Sci Rep. (2016) 6:39177. doi: 10.1038/srep39177

 72. Marder E, Bucher D. Understanding circuit dynamics using the stomatogastric nervous system of lobsters and crabs. Ann Rev Physiol. (2007) 69:291–316. doi: 10.1146/annurev.physiol.69.031905.161516

 73. Dickinson PS, Hull JJ, Miller A, Oleisky ER, Christie AE. To what extent may peptide receptor gene diversity/complement contribute to functional flexibility in a simple pattern-generating neural network? Comp Biochem Physiol Part D Genomics Proteomics. (2019) 30:262–82. doi: 10.1016/j.cbd.2019.03.002

 74. Christie AE, Pascual MG. Peptidergic signaling in the crab Cancer borealis: tapping the power of transcriptomics for neuropeptidome expansion. Gen Comp Endocrinol. (2016) 237:53–67. doi: 10.1016/j.ygcen.2016.08.002

 75. Saetan J, Kruangkum T, Phanthong P, Tipbunjong C, Udomuksorn W, Sobhon P, et al. Molecular cloning and distribution of oxytocin/vasopressin-like mRNA in the blue swimming crab, Portunus pelagicus, and its inhibitory effect on ovarian steroid release. Comp Biochem Physiol A Mol Integr Physiol. (2018) 218:46–55. doi: 10.1016/j.cbpa.2018.01.012

 76. Oliphant A, Alexander JL, Swain MT, Webster SG, Wilcockson DC. Transcriptomic analysis of crustacean neuropeptide signaling during the moult cycle in the green shore crab, Carcinus maenas. BMC Genomics. (2018) 19:711. doi: 10.1186/s12864-018-5057-3

 77. Scott E, Hudson A, Feist E, Calahorro F, Dillon J, De Freitas R, et al. An oxytocin-dependent social interaction between larvae and adult C. elegans. Sci Rep. (2017) 7:10122. doi: 10.1038/s41598-017-09350-7

 78. Koziol U. Precursors of neuropeptides and peptide hormones in the genomes of tardigrades. Gen Comp Endocrinol. (2018) 267:116–27. doi: 10.1016/j.ygcen.2018.06.012

 79. Jönsson KI, Holm I, Tassidis H. Cell biology of the tardigrades: current knowledge and perspectives. In: Tworzydlo W, Bilinski S, editors. Evo-Devo: Non-model Species in Cell and Developmental Biology. Results and Problems in Cell Differentiation. Cham: Springer (2019). p. 231–49. doi: 10.1007/978-3-030-23459-1_10

 80. Sawyer WH, Deyrup-Olsen I, Martin AW. Immunological and biological characteristics of the vasotocin-like activity in the head ganglia of gastropod molluscs. Gen Comp Endocrinol. (1984) 54:97–108. doi: 10.1016/0016-6480(84)90204-1

 81. Van Kesteren RE, Smit AB, Dirks RW, De With ND, Geraerts WP, Joosse J. Evolution of the vasopressin/oxytocin superfamily: characterization of a cDNA encoding a vasopressin-related precursor, preproconopressin, from the mollusc Lymnaea stagnalis. Proc Natl Acad Sci USA. (1992) 89:4593–7. doi: 10.1073/pnas.89.10.4593

 82. Van Kesteren RE, Smit AB, de With ND, Van Minnen J, Dirks RW, Van der Schors RC, et al. A vasopressin-related peptide in the mollusc Lymnaea stagnalis: peptide structure, prohormone organization, evolutionary and functional aspects of Lymnaea conopressin. In: Joosse J, Buijs RM, Tilders FJ, editors. Progress in Brain Research. Elsevier (1992). p. 47–57. doi: 10.1016/S0079-6123(08)61164-4

 83. Koene J. Neuro-endocrine control of reproduction in hermaphroditic freshwater snails: mechanisms and evolution. Front Behav Neurosci. (2010) 4:167. doi: 10.3389/fnbeh.2010.00167

 84. Martinez-Padrón M, González GC, Lederis K, Lukowiak K. Localization of vasopressin-like immunoreactivity in the CNS of Aplysia californica. J Neurocytol. (1992) 21:672–8. doi: 10.1007/BF01191728

 85. Martínez-Padrón M, Gray WR, Lukowiak K. Conopressin G, a molluscan vasopressin-like peptide, alters gill behaviors in Aplysia. Can J Physiol Pharmacol. (1992) 70:259–67. doi: 10.1139/y92-032

 86. Thornhill JA, Lukowiak K, Cooper KE, Veale WL, Edstrom JP. Arginine vasotocin, an endogenous neuropeptide of Aplysia, suppresses the gill withdrawal reflex and reduces the evoked synaptic input to central gill motor neurons. J Neurobiol. (1981) 12:533–44. doi: 10.1002/neu.480120603

 87. Lukowiak K, Thornhill JA, Cooper KE, Veale WL. Vasopressin increases the central nervous system suppressive control over gill reflex behaviours and associated neural activity in Aplysia. Can J Physiol Pharmacol. (1980) 58:583–7. doi: 10.1139/y80-098

 88. Alevizos A, Weiss KR, Koester J. Synaptic actions of identified peptidergic neuron R15 in Aplysia. I. activation of respiratory pumping. J Neurosci. (1991) 11:1263–74. doi: 10.1523/JNEUROSCI.11-05-01263.1991

 89. Alevizos A, Weiss KR, Koester J. Synaptic actions of identified peptidergic neuron R15 in Aplysia. III. activation of the large hermaphroditic duct. J Neurosci. (1991) 11: 1282–90. doi: 10.1523/JNEUROSCI.11-05-01282.1991

 90. Reich G. A new peptide of the oxytocin/vasopressin family isolated from nerves of the cephalopod Octopus vulgaris. Neurosci Lett. (1992) 134:191–4. doi: 10.1016/0304-3940(92)90514-8

 91. Takuwa-Kuroda K, Iwakoshi-Ukena E, Kanda A, Minakata H. Octopus, which owns the most advanced brain in invertebrates, has two members of vasopressin/oxytocin superfamily as in vertebrates. Regul pept. (2003) 115:139–49. doi: 10.1016/S0167-0115(03)00151-4

 92. Kanda A, Takuwa-Kuroda K, Iwakoshi-Ukena E, Minakata H. Single exon structures of the oxytocin/vasopressin superfamily peptides of octopus. Biochem Biophys Res Commun. (2003) 309:743–8. doi: 10.1016/j.bbrc.2003.08.061

 93. Kanda A, Takuwa-Kuroda K, Iwakoshi-Ukena E, Furukawa Y, Matsushima O, Minakata H. Cloning of Octopus cephalotocin receptor, a member of the oxytocin/vasopressin superfamily. J Endocrinol. (2003) 179:281–91. doi: 10.1677/joe.0.1790281

 94. Kanda A, Satake H, Kawada T, Minakata H. Novel evolutionary lineages of the invertebrate oxytocin/vasopressin superfamily peptides and their receptors in the common octopus (Octopus vulgaris). Biochem J. (2005) 387:85–91. doi: 10.1042/BJ20041230

 95. Sakamoto T, Ogawa S, Nishiyama Y, Akada C, Takahashi H, Watanabe T, et al. Osmotic/ionic status of body fluids in the euryhaline cephalopod suggest possible parallel evolution of osmoregulation. Sci Rep. (2015) 5:14469. doi: 10.1038/srep14469

 96. Henry J, Cornet V, Bernay B, Zatylny-Gaudin C. Identification and expression of two oxytocin/vasopressin-related peptides in the cuttlefish Sepia officinalis. Peptides. (2013) 46:159–66. doi: 10.1016/j.peptides.2013.05.004

 97. Bardou I, Maubert E, Leprince J, Chichery R, Cocquerelle C, Launay S, et al. Distribution of oxytocin-like and vasopressin-like immunoreactivities within the central nervous system of the cuttlefish, Sepia officinalis. Cell Tissue Res. (2009) 336:249–66. doi: 10.1007/s00441-009-0763-4

 98. Bardou I, Leprince J, Chichery R, Vaudry H, Agin V. Vasopressin/oxytocin-related peptides influence long-term memory of a passive avoidance task in the cuttlefish, Sepia officinalis. Neurobiol Learn Mem. (2010) 93:240–7. doi: 10.1016/j.nlm.2009.10.004

 99. De Oliveira AL, Calcino A, Wanninger A. Extensive conservation of the proneuropeptide and peptide prohormone complement in mollusks. Sci Rep. (2019) 9:4846. doi: 10.1038/s41598-019-40949-0

 100. Stewart MJ, Favrel P, Rotgans BA, Wang T, Zhao M, Sohail M, et al. Neuropeptides encoded by the genomes of the akoya pearl oyster Pinctata fucata and pacific oyster Crassostrea gigas: a bioinformatic and peptidomic survey. BMC Genomics. (2014) 15:840. doi: 10.1186/1471-2164-15-840

 101. In VV, Ntalamagka N, O'Connor W, Wang T, Powell D, Cummins SF, et al. Reproductive neuropeptides that stimulate spawning in the Sydney rock oyster (Saccostrea glomerata). Peptides. (2016) 82:109–19. doi: 10.1016/j.peptides.2016.06.007

 102. Dubos M-P, Zels S, Schwartz J, Pasquier J, Schoofs L, Favrel P. Characterization of a tachykinin signalling system in the bivalve mollusc Crassostrea gigas. Gen Comp Endocrinol. (2018) 266:110–8. doi: 10.1016/j.ygcen.2018.05.003

 103. Salzet M, Bulet P, Van Dorsselaer A, Malecha J. Isolation, structural characterization and biological function of a lysine-conopressin in the central nervous system of the pharyngobdellid leech Erpobdella octoculata. Eur J Biochem. (1993) 217:897–903. doi: 10.1111/j.1432-1033.1993.tb18319.x

 104. Oumi T, Ukena K, Matsushima O, Ikeda T, Fujita T, Minakata H, et al. Annetocin: an oxytocin-related peptide isolated from the earthworm, Eisenia foetida. Biochem Biophys Res Commun. (1994) 198:393–9. doi: 10.1006/bbrc.1994.1055

 105. Oumi T, Ukena K, Matsushima O, Ikeda T, Fujita T, Minakata H, et al. Annetocin, an annelid oxytocin-related peptide, induces egg-laying behavior in the earthworm, Eisenia foetida. J Exp Zool. (1996) 276:151–6. doi: 10.1002/(SICI)1097-010X(19961001)276:2<151::AID-JEZ8>3.0.CO;2-N

 106. Satake H, Takuwa K, Minakata H, Matsushima O. Evidence for conservation of the vasopressin/oxytocin superfamily in annelida. Biol Chem. (1999) 274:5605–11. doi: 10.1074/jbc.274.9.5605

 107. Takahama H, Haibara K, Oumi T, Ukena K, Morishita F, Furukawa Y, et al. Immunohistochemical localization of annetocin, an earthworm oxytocin-related peptide, and identification and ultrastructural characteristics of the annetocin-secretory cells in the oligochaete earthworm Eisenia foetida. Zool Sci. (1998) 15:381–8. doi: 10.2108/zsj.15.381

 108. Kawada T, Kanda A, Minakata H, Matsushima O, Satake H. Identification of a novel receptor for an invertebrate oxytocin/vasopressin superfamily peptide: molecular and functional evolution of the oxytocin/vasopressin superfamily. Biochem J. (2004) 382:231–7. doi: 10.1042/BJ20040555

 109. Wagenaar DA, Hamilton MS, Huang T, Kristan WB, French KA. A hormone-activated central pattern generator for courtship. Curr Biol. (2010) 20:487–95. doi: 10.1016/j.cub.2010.02.027

 110. Tessmar-Raible K, Raible F, Christodoulou F, Guy K, Rembold M, Hausen H, et al. Conserved sensory-neurosecretory cell types in annelid and fish forebrain: insights into hypothalamus evolution. Cell. (2007) 129:1389–400. doi: 10.1016/j.cell.2007.04.041

 111. Bauknecht P, Jékely G. Large-scale combinatorial deorphanization of Platynereis neuropeptide GPCRs. Cell Rep. (2015) 12:684–93. doi: 10.1016/j.celrep.2015.06.052

 112. Williams EA, Verasztó C, Jasek S, Conzelmann M, Shahidi R, Bauknecht P, et al. Synaptic and peptidergic connectome of a neurosecretory center in the annelid brain. eLife. (2017) 6:e26349. doi: 10.7554/eLife.26349

 113. Williams EA, Jékely G. Neuronal cell types in the annelid Platynereis dumerilii. Curr Opin Neurobiol. (2019) 56:106–16. doi: 10.1016/j.conb.2018.12.008

 114. McVeigh P, Atkinson L, Marks NJ, Mousley A, Dalzell JJ, Sluder A, et al. Parasite neuropeptide biology: seeding rational drug target selection? Int J Parasitol Drugs Drug Resist. (2012) 2:76–91. doi: 10.1016/j.ijpddr.2011.10.004

 115. Marks NJ, Maule AG. Neuropeptides in helminths: occurrence and distribution. In: Geary TG, Maule AG, editors. Neuropeptide Systems as Targets for Parasite and Pest Control. Advances in Experimental Medicine and Biology. Boston, MA: Springer (2010) 692:49–77. doi: 10.1007/978-1-4419-6902-6_4

 116. Mousley A, Novozhilova E, Kimber MJ, Day TA, Maule AG. Neuropeptide physiology in helminths. In: Geary TG, Maule AG, editors. Neuropeptide Systems as Targets for Parasite and Pest Control. Advances in Experimental Medicine and Biology. Boston, MA: Springer (2010) 692:78–97. doi: 10.1007/978-1-4419-6902-6_5

 117. McVeigh P, Kimber MJ, Novozhilova E, Day TA. Neuropeptide signalling systems in flatworms. Parasitology. (2005) 131:S41–55. doi: 10.1017/S0031182005008851

 118. Ukena K, Iwakoshi-Ukena E, Hikosaka A. Unique form and osmoregulatory function of a neurohypophysial hormone in a urochordate. Endocrinology. (2008) 149:5254–61. doi: 10.1210/en.2008-0607

 119. Kawada T, Sekiguchi T, Itoh Y, Ogasawara M, Satake H. Characterization of a novel vasopressin/oxytocin superfamily peptide and its receptor from an ascidian, Ciona intestinalis. Peptides. (2008) 29:1672–8. doi: 10.1016/j.peptides.2008.05.030

 120. Matsubara S, Shiraishi A, Osugi T, Kawada T, Satake H. The regulation of oocyte maturation and ovulation in the closest sister group of vertebrates. eLife. (2019) 8:e49062. doi: 10.7554/eLife.49062

 121. Elphick MR. NG peptides: a novel family of neurophysin-associated neuropeptides. Gene. (2010) 458:20–6. doi: 10.1016/j.gene.2010.03.004

 122. Mirabeau O, Joly JS. Molecular evolution of peptidergic signaling systems in bilaterians. Proc Natl Acad Sci USA. (2013) 110:E2028–37. doi: 10.1073/pnas.1219956110

 123. Simakov O, Kawashima T, Marlétaz F, Jenkins J, Koyanagi R, Mitros T, et al. Hemichordate genomes and deuterostome origins. Nature. (2015) 527:459–65. doi: 10.1038/nature16150

 124. Pani AM, Mullarkey EE, Aronowicz J, Assimacopoulos S, Grove EA, Lowe CJ. Ancient deuterostome origins of vertebrate brain signalling centres. Nature. (2012) 483:289–94. doi: 10.1038/nature10838

 125. Yao Y, Minor PJ, Zhao Y-T, Jeong Y, Pani AM, King AN, et al. Cis-regulatory architecture of a brain signaling center predates the origin of chordates. Nat Genet. (2016) 48:575–80. doi: 10.1038/ng.3542

 126. Sodergren E, Weinstock GM, Davidson EH, Cameron RA, Gibbs RA, Angerer RC, et al. The genome of the sea urchin Strongylocentrotus purpuratus. Science. (2006) 314:941–52. doi: 10.1126/science.1133609

 127. Burke RD, Angerer LM, Elphick MR, Humphrey GW, Yaguchi S, Kiyama T, et al. A genomic view of the sea urchin nervous system. Dev Biol. (2006) 300:434–60. doi: 10.1016/j.ydbio.2006.08.007

 128. Wood NJ, Mattiello T, Rowe ML, Ward L, Perillo M, Arnone MI, et al. Neuropeptidergic systems in pluteus larvae of the sea urchin Strongylocentrotus purpuratus: neurochemical complexity in a “simple” nervous system. Front Endocrinol. (2018) 9:628. doi: 10.3389/fendo.2018.00628

 129. Lin C-Y, Oulhen N, Wessel G, Su Y-H. Chapter 11 - CRISPR/Cas9-mediated genome editing in sea urchins. In: Hamdoun A, Foltz KR, editors. Methods in Cell Biology. Academic Press (2019). p. 305–21. doi: 10.1016/bs.mcb.2018.10.004

 130. Semmens DC, Mirabeau O, Moghul I, Pancholi MR, Wurm Y, Elphick MR. Transcriptomic identification of starfish neuropeptide precursors yields new insights into neuropeptide evolution. Open Biol. (2016) 6:15022. doi: 10.1098/rsob.150224

 131. Odekunle EA, Semmens DC, Martynyuk N, Tinoco AB, Garewal AK, Patel RR, et al. Ancient role of vasopressin/oxytocin-type neuropeptides as regulators of feeding revealed in an echinoderm. BMC Biol. (2019) 17:60. doi: 10.1186/s12915-019-0680-2

 132. Mayorova TD, Tian S, Cai W, Semmens DC, Odekunle EA, Zandawala M, et al. Localization of neuropeptide gene expression in larvae of an echinoderm, the starfish Asterias rubens. Front Neurosci. (2016) 10:553. doi: 10.3389/fnins.2016.00553

 133. Smith MK, Wang T, Suwansa-ard S, Motti CA, Elizur A, Zhao M, et al. The neuropeptidome of the crown-of-thorns starfish, acanthaster planci. J Proteomics. (2017) 165:61–8. doi: 10.1016/j.jprot.2017.05.026

 134. Zandawala M, Moghul I, Yañez Guerra LA, Delroisse J, Abylkassimova N, Hugall AF, et al. Discovery of novel representatives of bilaterian neuropeptide families and reconstruction of neuropeptide precursor evolution in ophiuroid echinoderms. Open Biol. (2017) 7:170129. doi: 10.1098/rsob.170129

 135. Telford MJ, Lowe CJ, Cameron CB, Ortega-Martinez O, Aronowicz J, Oliveri P, et al. Phylogenomic analysis of echinoderm class relationships supports asterozoa. Proc Biol Sci. (2014) 281:20140479. doi: 10.1098/rspb.2014.0479

 136. Suwansa-Ard S, Chaiyamoon A, Talarovicova A, Tinikul R, Tinikul Y, Poomtong T, et al. Transcriptomic discovery and comparative analysis of neuropeptide precursors in sea cucumbers (Holothuroidea). Peptides. (2018) 99:231–40. doi: 10.1016/j.peptides.2017.10.008

 137. Chen M, Talarovicova A, Zheng Y, Storey KB, Elphick MR. Neuropeptide precursors and neuropeptides in the sea cucumber Apostichopus japonicus: a genomic, transcriptomic and proteomic analysis. Sci Rep. (2019) 9:8829. doi: 10.1038/s41598-019-45271-3

 138. Gavilán B, Sprecher SG, Hartenstein V, Martinez P. The digestive system of xenacoelomorphs. Cell Tissue Res. (2019) 377:369–82. doi: 10.1007/s00441-019-03038-2

 139. Hejnol A, Pang K. Xenacoelomorpha's significance for understanding bilaterian evolution. Curr Opin Genet Dev. (2016) 39:48–54. doi: 10.1016/j.gde.2016.05.019

 140. Telford MJ, Copley RR. Zoology: war of the worms. Curr Biol. (2016) 26:R335–7. doi: 10.1016/j.cub.2016.03.015

 141. Hejnol A, Obst M, Stamatakis A, Ott M, Rouse GW, Edgecombe GD, et al. Assessing the root of bilaterian animals with scalable phylogenomic methods. Proc R Soc. (2009) 276:4261–70. doi: 10.1098/rspb.2009.0896

 142. Cannon JT, Vellutini BC, Smith J, Ronquist F, Jondelius U, Hejnol A. Xenacoelomorpha is the sister group to nephrozoa. Nature. (2016) 530:89–93. doi: 10.1038/nature16520

 143. Philippe H, Brinkmann H, Copley RR, Moroz LL, Nakano H, Poustka AJ, et al. Acoelomorph flatworms are deuterostomes related to Xenoturbella. Nature. (2011) 470:255–8. doi: 10.1038/nature09676

 144. Philippe H, Poustka AJ, Chiodin M, Hoff KJ, Dessimoz C, Tomiczek B, et al. Mitigating anticipated effects of systematic errors supports sister-group relationship between xenacoelomorpha and ambulacraria. Curr Biol. (2019) 29:1818–26.e6. doi: 10.1016/j.cub.2019.04.009

 145. Thiel D, Franz-Wachtel M, Aguilera F, Hejnol A. Xenacoelomorph neuropeptidomes reveal a major expansion of neuropeptide systems during early bilaterian evolution. Mol Biol Evol. (2018) 35:2528–43. doi: 10.1093/molbev/msy160

 146. Jekely G. Global view of the evolution diversity of metazoan neuropeptide signaling. Proc Natl Acad Sci USA. (2013) 110:8702–7. doi: 10.1073/pnas.1221833110

 147. Mita M, Yoshikuni M, Ohno K, Shibata Y, Paul-Prasanth B, Pitchayawasin S, et al. A relaxin-like peptide purified from radial nerves induces oocyte maturation and ovulation in the starfish, Asterina pectinifera. Proc Natl Acad Sci USA. (2009) 106:9507–12. doi: 10.1073/pnas.0900243106

 148. Lin M, Mita M, Egertová M, Zampronio CG, Jones AM, Elphick MR. Cellular localization of relaxin-like gonad-stimulating peptide expression in Asterias rubens: new insights into neurohormonal control of spawning in starfish. J Comp Neurol. (2017) 525:1599–617. doi: 10.1002/cne.24141

 149. Lavoie ME. How sea stars open bivalves. Biol Bull. (1956) 111:114–22. doi: 10.2307/1539188

 150. Kanatani H. Hormones in echinoderms. In: Barrington E, editor. Hormones and Evolution. London: Academic Press. (1979). p. 273–307.

 151. Hasse C, Rebscher N, Reiher W, Sobjinski K, Moerschel E, Beck L, et al. Three consecutive generations of nephridia occur during development of Platynereis dumerilii (Annelida, Polychaeta). Dev Dyn. (2010) 239:1967–76. doi: 10.1002/dvdy.22331

 152. Forsling ML. Diurnal rhythms in neurohypophysial function. Exp Physiol. (2000) 85:179S−86. doi: 10.1111/j.1469-445X.2000.tb00022.x

 153. Jekely G, Melzer S, Beets I I., Kadow CG, Koene J, Haddad S, et al. The long and the short of it - a perspective on peptidergic regulation of circuits and behaviour. J Exp Biol. (2018) 221:1–14. doi: 10.1242/jeb.166710

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Odekunle and Elphick. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comparative and Evolutionary Physiology of Vasopressin/ Oxytocin-Type Neuropeptide Signaling in Invertebrates



		Introduction



		The Discovery and Functional Characterization of Vasopressin/Oxytocin-Type Neuropeptide Signaling in Mammals



		Evolution and Comparative Physiology of VP/OT-Type Neuropeptide Signaling in Non-mammalian Vertebrates



		Discovery of VP/OT-Type Neuropeptide Signaling in Invertebrates







		Comparative Physiology of VP/OT-Type Neuropeptide Signaling in Invertebrates



		Ecdysozoa



		Arthropoda



		Nematoda



		Other Ecdysozoans









		Spiralia



		Mollusca



		Annelida



		Other Spiralians









		Invertebrate Deuterostomes



		Urochordata



		Cephalochordata



		Hemichordata



		Echinodermata



		Xenacoelomorpha













		General Conclusions and Directions for Future Research



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Endocrinology

Comparative and Evolutionary
Physiology of Vasopressin/

Oxytocin-Type Neuropeptide
Signaling in Invertebrates





OPS/images/fendo-11-00225-g001.gif





OPS/images/fendo-11-00225-t001.jpg
Phylum/ Species (selected peptide Sequence
Sub-phylum  names)

Vertebrata Homo sapiens (vasopressin) CYFQNCPRG-NH;
Homo sapiens (oxytocin) CYIGNCPLG-NH,
Lethenteron japonicum (vasotocin)  CYIGNGPRG-NH,
Urochordata  Styela plicata CYISDCPNSRFWST-NH,
Ciona intestinalls CFFRDCSNMDWYR
Cephalochordata Branchiostoma floridae CYIINCPRG-NH;
Hemichordata Saccoglossus kowalevskii CFISDCARG-NH,
Echinodermata  Strongylocentrotus purpuratus  CFISNCPKG-NHy
Apostichopus japonicus CFITNCPLG-NHz
Asterias rubens CLVQDCPEG-NH
Ophionotus victoriae CLVSDCPEG-NH;
Xenacoelomorpha Xenoturbella bocki CLVQGCPIG-NH;
Xenoturbella profunda CLVQGCPIG-NH;
Ascoparia sp CVIVACPRG-NH,
Arthropoda Locusta migratoria CLITNGPRG-NH,
Tribolium casteneum CLITNGPRG-NH,
Atta cephalotes CLITNCPRG-NH,
Camponotus floridanus CLIVNGPRG-NH;
Harpegnathos saltator CLITNCPRG-NHz
Lasius niger CLITNCPRG-NH,
Lasius neglectus CLITNCPRG-NH;
Cancer borealis CFITNCPPG-NH,
Portunus pelagicus CFITNCPPG-NH;
Strigamia maritima CYITNCPPG-NH,
Sarcoptes scabiei CFITNCPPA-NH,
Nematoda Caenorhabditis elegans CFLNSCPYRRY-NH;
Tardigrada Hypsibius dujardini CFVINCPPG-NH,
Ramazzottius variernatus CPVINCPPG-NH,
Mollusca Conus striatus CIRNCPRG-NH,
Conus geographus CFIRNCPKG-NH,
Lymnaca stagnalis CFIRNCPKG-NHz
Octopus vulgaris (cephalotocin)  CYFRNCPIG-NH,
Octopus wulgaris (octopressin) CFWTSCPIG-NH;
Sepia officinalis (sepiatocin) CPWTTCPIG-NH,
Sepia officinalis (pro-sepiatocin) CFFRNCPPG-NHz
Mizuhopecten yessoensis CFIRNCPPG-NHz
Annelida Erpobdella octoculata CFIRNCPKG-NH,
Eisenia fetida CFVRNCPTG-NH;
Platynersis dumerili CFVRNGPPG-NH,

Insights into the physiological roles of many of these neuropeptides have been obtained
and are discussed in this review.
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